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The phenomenon of ferroelectricity recently attracted great attention with the 
successful advances in the development of thin-film fabrication. This development 
enables the integration of ferroelectric materials directly into device fabrication 
processes such as MEMS and FeRAMs. The stringent need for high-density, high-
speed, and low-power memory devices has prompted an immense interest in studying 
the size effects in ferroic systems. The thickness dependence of ferroelectricity and 
critical thickness, which is the thickness limit when the ferroelectricity disappears, 
has become an issue of tremendous interest for both scientific and technological point 
of view. In parallel, current nonvolatile memory manufacturing processes inevitably 
require a scalable process such as metal-organic chemical vapor deposition 
(MOCVD) to deposit the ferroelectric layers.  
The process controls as well as the ferroelectric and piezoelectric properties of 
two ferroelectric material systems, lead zirconate titanate (PZT) and bismuth ferrite 
(BFO), prepared by MOCVD is presented in this dissertation. A systematic study on 
deposition process control such as stoichiometric composition, structure change and 
growth temperature was carried out. 
The scaling of ferroelectric properties with film thickness in PZT films has 
been investigated. PZT films show bulk-like properties for thickness above ~20 nm. It 
was observed that a progressive decrease in the ferroelectric polarization as well as 
the piezo-response as the thickness is decreased; films as thin as 3.6 nm are 
piezoelectric. In this work, the interpretation of the origins of this decrease as well as 
results of the MOCVD processing studies is studied.   
Epitaxial BFO thin film, which is an interesting candidate for Pb-free ferro / 
piezoelectrics, was grown by MOCVD as the first challenge. The film composition 
and phase equilibrium are sensitive to the Bi:Fe supply ratio of precursors. In the 
optimized condition, an epitaxial single perovskite phase thin films were obtained. 
Electrical measurements using both quasi-static hysteresis and pulsed polarization 
measurements confirm the existence of ferroelectricity with a switching polarization 
of 110-120 µC/cm2, ∆P (= P* - P^). Out-of plane piezoelectric (d33) measurements 
using an atomic force microscope yield a value of 50 – 55 pm/V. 
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Chapter 1: Introduction  
 
1.1 Ferroelectric materials
One of the most fascinating aspects of chemistry and physics of oxide 
materials is a wide variety of the properties they exhibit. Multi-component metal 
oxides exist in a variety of compositions and crystal structures and their properties 
vary widely, from insulator to superconductors; and from paraelectric to ferroelectric 
leading to a vast range of potential applications. 
Ferroelectric materials can be classified as non-linear dielectrics that exhibit 
an electric dipole moment in the absence of an external electric field. The first 
discovery of ferroelectric phenomenon was found in Rochelle salt [sodium potassium 
tartrate tetrahydrate (NaKC4H4O6·4H2O)] by J. Valasek1. Up to date, more than two 
hundred pure materials and complex crystals are known to possess ferroelectric 
properties. 
A crystal is said to be ferroelectric when it has two or more orientational states 
in the absence of an electrical field and can be shifted from one to another of these 
states by an electric field. Polarization is defined as the charge per unit area ( A
Q ) on a
plane which is orthogonal to the direction of the polarization vector. The magnitude 
and orientation of the polarization vector, P, is dependent on the magnitude and 
orientation of the electric field (E) and crystal structure of the sample. 
2
Accordingly, basic characteristic of all ferroelectric materials is the hysteretic 
behavior relating polarization (P) and applied field (E). The energy which is required 
to change the polarization direction is called “coercive field” (Ec). At zero fields, 
there are two remanent polarization states (+Pr and –Pr) that can be used to store 
logical states ‘0’ and ‘1’ for memory device applications. The two zero-field values, 
















Figure 1-1.   Hysteresis loop in ferroelectric materials. 
 
Several key parameters quantify the hysteresis loop. The saturation 
polarization is the polarization due to maximum domain growth and spontaneous 
polarization (Ps) is extrapolated from Psat via a tangent. The remanent polarization 
(Pr) is that remaining upon actual field removal (E = 0). As shown in Figure 1-1, 
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reduction of E to zero does not return the domain structure to equal volumes of 
opposing polarization. It is necessary to reverse the field to a level the coercive field 
(Ec) to achieve this result. 
The phenomenon of ferroelectricity and potential device applications recently 
attracted the great attention for the successful advances in the development of thin-
film fabrication of these materials.2,3,4 This development enables the integration of 
ferroelectric materials in high quality thin film form directly into device fabrication 
processes.5,6 
Thin films of metal oxides are finding a rapidly growing application in 
advanced materials technology. Ferroelectric thin films have been being developed 
for a variety of electronic devices. The hysteresis phenomenon in the P–E curve cause 
ferroelectric materials to be an outstanding candidate for the nonvolatile storage of 
information in the type of Ferroelectric Random Access Memory (FeRAM).7,8 
FeRAM is a RAM-based device that uses the ferroelectric effect to store 
information as an electric polarization in the absence of an applied electric field. No 
applied field or voltage is required to maintain the memory, which is why the device 
is termed “nonvolatile”. 
The polarization of the entire crystal can be switched from up (+1) to down 
(0) by reversing the applied field. The memory function is obtained by switching the 
remanent polarization between two polarization directions by applying appropriate 
voltages across the capacitor. Among the many desirable attributes for a memory 
device, the ferroelectric thin film capacitors should show following properties; 
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•Nonvolatile Memory Characteristics  
•Low Writing Voltages (~2V) 
•Fast Writing Speeds (<100 ns) 
•No Limitation in the Number of Writings 
 
1.2 Pb(Zr,Ti)O3
Lead titanate zirconate, Pb(Zr,Ti)O3 (PZT), is a solid solution of lead titanate 
(PbTiO3) and lead zirconate (PbZrO3) and has a perovskite-type structure. Depending 
on the proportions of PbZrO3 and PbTiO3 and the temperature, PZT composition has 
a particular crystal structure. 
In Figure 1-2, the PZT phase diagram is shown. At high temperature (above 
the curie temperature), a centro-symmetric cubic paraelectric phase (PC) is stable. In 
the PbTiO3 rich phase, a ferroelectric tetragonal phase (FT) with a spontaneous 
polarization direction along the [001] direction forms. The tetragonal phase changes 
to a rhombohedral phase (FR) at a morphotrophic phase boundary (MPB), which is 
the zirconate-to-titanate ratio of 52:48 at room temperature, to the PbZrO3 rich phase. 
In this case (rhombohedral phase), the direction of a spontaneous polarization is along 
[111].  
PZT is well known materials with the perovskite structure which have useful 
ferroelectric and electro-optic properties. Recent studies showed that PZT materials 
offer high permittivity for capacitors, large spontaneous polarization for nonvolatile 
5
memory devices, large electromechanical coupling coefficient for surface acoustic 
wave (SAW) applications, and good optical properties for electro-optic devices. 
 
Figure 1-2. The phase diagram of PbZrO3 - PbTiO3 solid solution system.9
The principle perovskite structure found in ferroelectric materials is a simple 
cubic structure containing three different ions of the form ABO3. The A and B atoms 
represent +2 and +4 ions, respectively, while the O atom is the oxygen -2 ion. This 
ABO3 structure can be thought of as face centered cubic (FCC) lattice with A atoms 
at the corners and the oxygen atoms on the faces. The B atom is located at the center 
6
of the lattice. This structure can be thought of as each B atom is octahedrally 
coordinated with six oxygen atoms, with an A atom in the center. 
In PZT, Ti4+ ions occupy the centers of each cube; Pb2+ ions are located at the 
corners; and O2- ions are centered on each face. The cubic perovskite structure shown 
in Figure 1-3 is found above the Curie temperature (Tc). Above the Curie temperature 
these materials have a centrosymmetric structure and this phase is known as 
paraelectric phase. The Curie temperature of PZT varies in the range of 250 – 480 oC
depending on the composition. 
The transition over the Curie temperature affects both structural and physical 
properties of the material. Upon cooling just below this temperature, PZT undergoes a 
phase transformation from cubic to a tetragonal modification. In this case, PZT is said 
to be ferroelectric below Curie temperature. Accordingly, the structure (Tetragonal) 
of PZT is asymmetrical at room temperature. 
As a result, the overall center of positive charge for the distribution of cations 
within the unit cell is separate from the overall center of negative charge for the anion 
distribution. This is equivalent to a permanent electrical dipole (spontaneous 
polarization, Ps) in the tetragonal PZT unit cell. In contrast to a cubic material, the 
dipole structure of tetragonal unit cell allows for a large polarization of the material in 
response to an electric field. 
The ferroelectric material can have zero polarization under zero applied fields 
due to a random orientation of microscopic-scale domain regions. Under an applied 
field, unit cell dipole orientations parallel to the applied field direction are favored.10 
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Figure 1-3. The ABO3 perovskite structure. 
 
Ferroelectric Pb(ZrXTi1-X)O3 film is one of the most promising materials for a 
FRAM capacitor because of its high phase transformation temperature (Tc), high 
remanent polarization (Pr) and low working voltage (Vc). Because of these advantages, 
Pb(Zr,Ti)O3 thin film has been widely investigated for application to FeRAM. 
Among the many desirable attributes for a memory device, the ferroelectric thin film 
Centro-symmetric cubic  
(isotropic) 
 










capacitors should show large values of switched polarization (∆P) for short read and 
write pulses and low coercive voltages. This is motivated by the fact that they will be 
used in circuits that will typically be integrated using 100 ns wide pulses. 
The major properties and device application of PZT can be summarized as; 
 
Piezoelectricity : Sensors and Actuators 
Pyroelectricity : IR detector 
High Permittivity : Integrated Capacitors 
Electro-optic Effect : Optical Wave guides and Light modulators 
Ferroelectricity : Non-volatile Memories 
 
Piezoelectricity is the electromechanical coupling phenomena, which is the 
electrical response to mechanical pressure application. Conversely, electrical signals 
can make the mechanical deformation. By applying an external voltage the magnitude 
or the state of the polarization is changed and, consequently, the dimension of the 
materials can be modified ( dE=ε , where ε is strain, d is piezoelectric coefficient, 
and E is electric field). 
The piezoelectric response of ferroelectric PZT films has been extensively 
studied for years. From this, there is strong interest in introducing ferroelectric PZT 
materials for microelectromechanical systems (MEMS), because they have large 
piezoelectric coefficients which may further enhance the performance of sensing and 
actuation devices.  
9
In bulk ceramics, the piezoelectric and ferroelectric properties vary 
substantially with the compositional parameter of Zr/Ti ratio.  

































Figure 1-4. (a) Ferroelectric and (b) Piezoelectric properties of Pb(Zr1-xTix)O3.
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In the case of bulk PZT ceramics, the maximum values of piezoelectric 
coefficients and relative permittivity can be achieved near the morphotropic boundary 
phase (MBP) composition. The intrinsic ferroelectric and piezoelectric properties 
with different composition (Zr/(Zr+Ti)) were illustrated (based on the calculations by 
Haun, 1989, Ferroelectrics)11.
The effect of Zr/Ti ratios on piezoelectric and ferroelectric has been 
investigated in thin film PZT. However, the reported piezoelectric coefficients in PZT 
thin films are scattered, which are believed to arise from both the difficulty in 
accurate characterization of piezoelectric response in thin films and the sensitive 
nature of film properties to many parameters other than composition, such as 
crystallographic orientation, film thickness and microstructure. 
 
1.3 Ferroelectric Random Access Memory (FeRAM)
In the past decade, memory chips with low power consumption and low cost 
have attracted more and more attention. FRAM offers low-voltage operation and 
high-speed access as Dynamic Random Access Memory (DRAM) and Static Random 
Access Memory (SRAM), while containing the nonvolatile data storage and low 
power consumption of Flash Memory. Figure 1-5 shows the FRAM technology 
roadmap and the trend of cell circuit architecture and cell capacitor structure. The 
circuit configuration of memory cells can be either a reliable 2T/2C type (two 
11 
 
transistors and two capacitors) or a 1T/1C type (one transistor and one capacitor) that 
allows high-density integration.  
A FRAM memory cell is fabricated by depositing crystalline ferroelectric film 
between two electrode plates to form a capacitor. The acute need for compatibility of 
high-density, high-speed, and low-power memory devices have demanded aggressive 
scaling of ferroelectric capacitor. The increase in the area of the device can be 
achieved using the solid stack capacitor structure to compensate the reduced 
switching charge per cell resulting from the shrinkage of cell size (Figure 1-5).  
 
Figure 1-5. Trend of Cell Circuit Architecture and Cell Capacitor Structure 
(from Fujitsu’s FRAM technology solution).12 
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In the fabrication of solid stack capacitor, a key factor is to facilitate the 
coating of the steps in the ferroelectric film. Therefore, the development of practical 
preparation process, such as metalorganic chemical vapor deposition (MOCVD), is 
inevitably required to realize a high-density FeRAM. 
1.4 Metal Organic Chemical Vapor Deposition (MOCVD)
The major scientific and technological advances related to the field of 
ferroelectric thin films made in past decade have been possible because of significant 
advances in the development and optimization of thin film deposition techniques as 
well as the development of integration scheme and device design. 
A variety of techniques have been used for the deposition of ferroelectric thin 
films. In general, the thin film deposition techniques can be divided into three major 
categories; 
 
(1) Physical vapor deposition (PVD): radio-frequency and magnetron 
sputtering, ion beam sputtering, molecular beam epitaxy (MBE), pulsed 
laser deposition (PLD) 
(2) Solution deposition: sol-gel, metalorganic deposition 
(3) Chemical vapor deposition (CVD): metalorganic chemical vapor 




When ferroelectric capacitors with an effective area larger than the footprint 
area are desired for high-density integration, three dimensional (3D) capacitor 
structures should be introduced. Among these deposition techniques, MOCVD offers 
the greatest potential advantages over other deposition techniques because of its 
excellent conformal step coverage, controllability of composition, high deposition 
rate, the possibility of scaling up the process to commercial base production, and 
compatibility with current Si processes. 
In particular, good conformal step coverage is unique in MOCVD so that it 
enables extension to three-dimensional structures of very small feature sizes with 
aspect ratios > 1 required for high density FeRAM devices as well as 
microelectronics. 
The technology of MOCVD for oxides has demonstrated explosive advances 
in the past ten years because of popular interests in ferroelectric as well as oxide 
superconducting and dielectric materials.13,14,15,16,17,18,19,20,21 
The step coverage of films grown by MOCVD (MOCVD system in Univ. of 
Maryland) is shown in figure 1-6. 
PZT film was grown on 17 µm wide (2 : 1 aspect ratio) and 5 µm wide (6 : 1 
aspect ratio) 3-D trench structures which are processed into silicon substrate. A cross-
sectional scanning electron microscopy (SEM) images are shown in figure 1-7.  
All surfaces appear to be covered with PZT film and conformality was found 









Figure 1-6. SEM images of PZT film deposited on a patterned substrate.
Photo No. = 743, Filename “big overview 
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Figure 1-7. Cross-sectional SEM images. PZT films grown on (a) 17 µm wide (2 : 1 
aspect ratio) and (b) 5 µm wide (6 : 1 aspect ratio) 3-D trench structures. 
70 nm thick





The MOCVD technique involves transporting a metal as a volatile 
metalorganic compound in the vapor phase followed by thermal decomposition 
usually in the presence of oxygen on an appropriate substrate. 
It is important that the precursors are volatile enough to be transported 
efficiently at source temperatures which are below the precursor decomposition 
temperature. In other words, there should be an adequate temperature window 
between vaporization and decomposition. The precursors used need to be compatible 
and not pre-react. They should decompose to form the desired metal oxide in the 
same temperature region. 
A thorough investigation into the growth mechanism requires dedicated 
experiments. The basic chemical reaction flow in MOCVD process can be simplified 
as follows; 
 
1. Generation and transport of precursors in the gas phase. 
2. Adsorption to substrate surface of partially decomposed metal organic source. 
3. Reaction of the adsorbates to form the intermediate oxide compounds. 
4. Intermediate adsorption complexes of the individual oxides are incorporated 
as a second phase in to the film or they may react with each other to form 
multi-component metal oxide. 
 
The characteristics of deposited oxide films thus show crucial dependence on 
the selection of precursor compounds, deposition temperature, deposition 
environment, and kinetic factors such as the precursor partial pressure and flow rate. 
17 
 
There are two basic regimes in which to deposit films. The deposition regimes 
are either kinetically limited or mass transport limited. At the low temperature 
conditions the deposition rate is “kinetics-limited”, i.e. controlled by the rate of 
reaction of adsorbed species on the substrate surface, and is strongly influenced by 
temperature. On the other hand, at the higher temperatures the deposition rate is 
“transport-limited”, i.e. control by the transport rate of precursor to the surface. 
In general, there are two methods for obtaining the crystallized ferroelectric 
phase: the first is direct crystallization from the gas phase (the direct crystallization 
process) and the second is solid-phase transformation from other solid phases 
deposited at low temperature, such as the amorphous phase (the solid-phase process). 
The latter case is mainly used to get high step coverage under reaction rate-limiting 
conditions (kinetics-limited). However, these low temperature conditions sometimes 
include imperfect decomposition of the starting source materials. This makes a large 
amount of the residue produced from the starting materials, such as the element 
carbon. On the other hand, the former process has been widely investigated in order 
to obtain epitaxially grown films to study the fundamental properties of ferroelectric 
thin films. 
The first successful deposition of perovskite Pb-based ferroelectric thin films 
by CVD was reported by Nakagawa et at. in "Preparation of PbTiO3 ferroelectric thin 
film by chemical vapor deposition".22 They deposited PbTiO3 films by using TiCl4,
PbCl2, O2, and H2O as source materials. Several problems were pointed from their 
studies: (1) very high evaporation temperature (700 oC) was required for PbCl2, (2) 
poor composition uniformity in PbTiO3 films, and (3) crystallographic imperfections 
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due to water and/or chloride contamination. Obviously, chlorides are not ideal 
precursors for the CVD process to prepare metal oxide thin films. 
By carefully selecting the organic compounds, the undesirable contaminations 
in films can be completely excluded. Metalorganic compounds are now used almost 
exclusively for the deposition of oxide thin films. 
MOCVD of PZT films was first adopted in the early 1990s23 and significant 
progress has been made to optimize the process control of growth parameters, 
precursor delivery method, and precursor chemistry.24,25,26,27,28,29 The success of an 
MOCVD process depends critically on the availability of volatile and stable precursor 
materials.  
A considerable number of advances have occurred in the area of precursor 
development as well as delivery techniques.30,31,32,33 
It is necessarily required that appropriate organometallic precursors be 
selected in order to obtain desired properties and quality of the thin film. The ideal 
precursors for MOCVD have to meet the following requirements; 
 
(1) High vapor pressure at low vaporization temperature. 
(2) Low decomposition temperature. 
(3) Large enough temperature "window" between vaporization and decomposition 
temperatures. 
(4) No contaminations from the organic constituents of the precursors. 




All of these conditions are seldom met in a single organometallic precursor. 
Several types of metalorganic compounds have been commonly used as precursors to 
grow metal oxide thin films including metal alkyls, metal alkoxides, and metal β-
diketonates. Most of the metalorganic precursors have reasonable vapor pressures at 
relative low temperatures. Although metal alkoxides and metal β-diketonates tend to 
be less volatile than their alkyl equivalents, they are easier to handle and are much 
less toxic. 
The chemical structure of β-diketonates and its complex (tetramethyl 
heptanedionate (thd)) are shown in Figure 1-8. 
 
(a)                                                    (b) 
 
Figure 1-8. Chemical structure of (a) β-diketonates and (b) its complex (tetramethyl-
heptanedionate (thd)). 
 
The method of flowing gas through a precursor container under temperature 

























to as a “bubbler” system. A typical schematic design of thermal MOCVD with 
bubbler system is illustrated in Figure 1-9. 
 
Figure 1-9. Schematic diagram of MOCVD with conventional bubbler system.34 
Available metal β-diketonate precursors generally have very low vapor 
pressures, so that high source temperatures are required to obtain adequate mass 
transport for MOCVD process. In conventional bubbler system, a carrier gas is passed 
through a precursor held at a high temperature for the duration of the deposition 
process, this can lead to thermal ageing and decomposition of the precursor prior to 
transport into a reactor.35,36 
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One of the most promising methods of alternative precursor delivery is liquid 
delivery system (LDS) MOCVD. In this process, the low-vapor-pressure solid 
precursors are dissolved in an appropriate organic solvent to form a solid solution. 
LDS systems are operated by introducing liquid mixtures at high pressure into a hot 
vaporization cell where the solution is flash evaporated and then transported to the 
process chamber. In this way the precursor is only subjected to heating in the small 
“hot cell” during evaporation rather than for the duration of the MOCVD process. 
Advantages of LDS can be summarized as; 
 
1. Maintain high accuracy and control flow conditions. 
2. Delivery is not affected by source temperature. 
3. Flexibility – no pressure drop across the delivery devices. 
4. Reduced material decomposition – With LDS, the liquid is not exposed to 
heat or reactive carrier gases over extended period of time thereby reducing 
the concern of material decomposition prior to entering process chamber. 
5. Minimize need for heated lines. 
6. Delivery of low vapor pressure materials at high mass flow rates. 
7. Delivery of materials to high-pressure processes. 
8. Can take advantage of solution chemistries. 
 





Figure 1-10. Operation sequence in LDS MOCVD. 
Contrary to the conventional bubbling MOCVD system, the concept of LDS 
includes transfer of liquid precursor from the source container at ambient temperature 
through a pump to a vaporization cell (vaporizer) which is heated to high temperature. 
 
1.5 Theoretical analysis in ferroelectric films
Traditionally, most of phenomenological results from ferroelectric materials 
have been explained using the theoretical calculations based on the frame of mean-




















where, α, β and δ are the dielectric stiffness and higher-order stiffness coefficients at 
constant strain and P is polarization. 
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However, these theoretical calculations were established only by considering 
of a bulk single crystal or freestanding film. Therefore, additional concepts must be 
considered to describe theoretical analysis on substrate-constrained single domain 
epitaxial films grown on much thicker substrates. In this case, the clamping effect by 
the in-plane lattice misfit may affect considerably its phase state and physical 
properties, and additional strain-term must be included. This concept was well 


















1)( −−+−++++= εδβα (1-3) 
 
where, ,1211 PP SSS +=  PijS are the biaxial in-plane elastic compliances under constant 
polarization; bP0 is the spontaneous polarization of the free standing film or bulk; 0Mε
is the effective in-plane misfit; and 12Q is the in-plane electrostrictive constant. 
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As the interest of the real device application of ferroelectric thin films has been 
growing up, the theoretical analysis has been focused on demonstrating the 
phenomena in a device structure (short-circuit condition) and nano-scale films.  
Recently, theoretical investigations using the first principles calculations 
predicted the ferroelectric ground state and size effects in peroskite-type ferroelectric 
films. From the first principles calculations, it was found that “depolarizing field” is a 
key parameter to determine the critical thickness of ferroelectric thin films in device 
structure.39,40,41,42 
The size effect in PZT thin films will be discussed in chapter 4 in detail. 
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Chapter 2: Experimental techniques used in this study 
 
2.1 Precursors for PZT film growth
Of the various metalorganic precursors useful for preparing the PZT thin 
films, metalorganic Pb precursors and metalorganic Ti precursors are relatively well 
developed and can be volatilized at relatively low temperatures. By contrast, 
metalorganic Zr precursors are disadvantageous in that they are very difficult to 
volatilize.  
Although good quality PbO films were obtained from tetraethyl lead (TEL), 
the extremely toxic nature of this precursor may prevent its use in safety and large-
scale applications.43,44,45,46 Lead alkoxides, for example lead t-butoxide, are liquids at 
room temperature and possess significant vapor pressures, which also creates toxicity 
problems. 47  Alternatively, Bis (2,2,6,6-tetramethyl-3,5-heptanedionate) lead 
(Pb(thd)2) has been widely used as an metalorganic source for the preparation of thin 
films of Pb-containing ferroelectric materials because of their high chemical and 
thermal stability.48,49,50 
Ti(OiPr)2(thd)2, mixed alkoxide/β-diketonate, is coordinately saturated and 
therefore less prone to reactive degradation than titanium alkoxides such as Ti(OiPr)4.
Moreover, Ti(OiPr)2(thd)2 is chemically compatible with Pb(thd)2 and preferred when 
Pb(thd)2 is selected as a lead source.51,52 
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Conventionally, it is tetra (2,2,6,6-tetramethyl-3,5-heptanedione) zirconium 
(Zr(thd)4) that is the most useful in providing a zirconium source for PZT thin films. 
Zr(thd)4 exhibits outstanding thermal stability in that it is not decomposed at up to 
300 oC. In addition, Zr(thd)4 is very resistant to moisture, unlike other Zr precursors. 
However, this Zr source for PZT thin film growth has a vaporization temperature that 
is much higher than those of the other sources (Pb and Ti sources). Accordingly, the 
gap in vaporizing point between the Zr source and the other sources is large. For 
example, Zr(thd)4 is volatilized at a temperature of about 220 oC to 240 oC, while 
Pb(thd)2 and Ti(OiPr)2(thd)2 have a vaporizing temperature of about 150 oC and about 
170 oC, respectively. Consequently, it is difficult to control the temperature of a 
vaporizer cell or preheat tube in which volatilized Pb, Ti and Zr precursors are mixed 
just before entering a reactor. For example, if the preheat temperature is controlled for 
the Pb or Ti precursor, the gas phase Zr(thd)4 can be easily solidified. On the other 
hand, if the preheat temperature is raised for the Zr precursor, the Pb and Ti 
precursors are decomposed or changed before entering the reactor. Consequently, in 
spite of superior thermal stability and moisture resistance, Zr(thd)4 is disadvantageous 
because of its low volatility. 
Zirconium alkoxides, such as Zr(OiPr)4 and Zr(OBut)4 are predicted to be 
much less thermally stable than Zr(thd)4 but are highly air and moisture sensitive 
which make them difficult to manufacture in pure form and too unstable for long term 
storage. Tetrakis(2,6-dimethyl-3,5-heptanedionate) zirconium (Zr(dmhd)4) is a new 
metalorganic source with chemically stable but has 25 - 30 oC lower vaporization 
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temperature than that of Zr(thd)4, which can makes better thermal compatibility with 
Ti(OiPr)2(thd)2 and Pb(thd)2.
In this study, 0.3 mol/L bis(2,2,6,6-tetramethyl-3,5-heptanedionate)lead, 
Pb(thd)2, in Tetrahydrofuran (THF), 0.3 mol/L di(isopropoxyde)bis(2,2,6,6-
tetramethyl-3,5-heptanedionate)titanium, Ti(OiPr)2(thd)2, in THF, and 0.3 mol/L 
tetrakis(2,6-dimethyl-3,5-heptanedionate)zirconium, Zr(dmhd)4, in THF (all from 
Mitsubishi Materials Corporation) were used as metalorganic precursors. 
The good thermal compatibility of Zr(dmhd)4 with Pb(thd)2 and 
Ti(OiPr)2(thd)2 was confirmed by thermogravimetric (TG) curves as shown in Figure 
2-1. 
 
















Figure 2-1. The thermogravimetric (TG) curves show the good thermal compatible 
behavior for Zr(dmhd)4 with Pb(thd)2 and Ti(OiPr)2(thd)2.
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TG results were measured at 1 atm Ar atmosphere by Mitsubishi Materials 
Corporation. Thermal properties of Pb(thd)2 and Ti(OiPr)2(thd)2 showed very similar 
behaviors. Although Zr(dmhd)4 is more compatible with Pb(thd)2 and Ti(OiPr)2(thd)2
than Zr(thd)4, Zr(dmhd)4 still has about 50 oC higher thermal decomposition 
temperature. The promising characteristics from TG analysis is that all the precursors 
completely decompose without leaving residues which make difficulty in process 
reproducibility and system maintenance. 
 
2.2 Liquid delivery system (LDS) MOCVD
2.2.1 Lquid delivery system (LDS) 
The standard design elements of typical Liquid delivery system are 
schematically illustrated in Figure 2-2. 
 















The precursor solutions were delivered using a computer-controlled positive 
displacement pump with mixing manifold. Three liquid precursors were mixed at 
specified volumetric ratios in a computer controlled mixing manifold and then 
transported to the vaporization cell. The mixing of the precursors occurs before the 
pump and is performed on a time basis, with each channel open for a specified 
percentage of the total fill stroke of the dual-piston pump. When the low pressure side 
of the pump is filled, the mixed liquid is transferred to the high pressure side where it 
is delivered to the vaporizer through a high pressure (≥200 psi) check valve. The 
vaporization zone was maintained at the appropriate temperature with four-zone 
heating jackets. 
2.2.2 MOCVD system 
 
PZT films were prepared by liquid delivery metalorganic chemical vapor 
deposition (MOCVD). The schematic diagram of the MOCVD system is shown in 
Figure 2-3. Vaporized source gas was transported by ultra-high purified Ar carrier gas 
to a vertical warm-type chamber. During deposition, the vaporizer was switched 
between the deposition chamber and a bypass to the vacuum system so that the 
vaporization process stabilized before the introduction of the precursor into the 
deposition chamber. All the down-stream parts, including the chamber, were heated 
to a temperature of 5 - 10 oC higher than the vaporizer temperature to avoid 
condensation of gas phase source material. The cold traps filled with liquid nitrogen 
which is connected at the down stream of a reactor, in the meanwhile, remove un-
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reacted reagents. The substrate temperature was monitored by a thermocouple which 
was directly placed inside the center of the substrate holder. 
 
Figure 2-3. The schematic of liquid delivery MOCVD system. 
 
Before loading into chamber, substrates were cleaned in sequence of 
trichloroethylene (TCE), acetone and isopropanol. The chamber was pumped to a 
base pressure of 1 × 10-3 Torr prior to ramping the temperature of the substrate heater. 
The heating and cooling rates were controlled with 20 oC/min and 5 oC/min, 
respectively. At the beginning of the deposition, the source vapors accompanied with 
Ar carrier gas were flowed through the bypass line; oxygen was flowed through the 
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deposition chamber to prevent the oxygen vacancy generation in substrate and 
minimize the back diffusion of source vapors into the chamber. This bypass process 
was continued for about 3 minutes before beginning the deposition process. After the 
bypass process, the bypass valve was closed and the main valve of the reaction 
chamber was opened to start the deposition. At the end of the run the evaporators and 
all the gases were shut off, and the reactor was evacuated to base pressure before 
backfilling with air to atmospheric pressure. 
High-purity O2 was used as an oxidizing gas during the deposition that was 
performed at various substrate temperatures, ranging from 450 oC to 650 oC. The 
deposition rate was in excess of 130 -150 Å/min at 650 oC.  






Vaporizer temperature 190 - 210 oC
Carrier gas flow rate 200 sccm 
O2 gas flow rate 500 sccm 
Substrate temperature 450 – 650 oC
Process pressure 2 Torr 
Liquid solution flow rate 0.2 ml/min. 




The growth rate of film was feasibly controlled by changing the liquid supply 
rate. The growth rate change with different liquid source supply rate is shown in 
Figure 2-4. The growth rate of PZT films linearly increased with the increase of the 
supply liquid source rate. 















Liquid flow rate (ml/min)
 
Figure 2-4. The growth rate dependence of the liquid source supply rate. 
 
2.3 Conductive metal oxide thin film growth
Metal platinum (Pt) has generally been used as a substrate in the fabrication of 
PZT films. However, PZT films deposited on Pt electrode have critical problems such 
as polarization fatigue with periodic pulses. Although fatigue mechanism has not 
been clarified, it has been reported that the decrease in polarization values with 
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periodic pulses is related to domain pinning by the charged defects accumulated at 
grain boundaries, domain boundaries and PZT/electrode interfaces. 53 , 54  Oxygen 
vacancies that are mobile in PZT are the most probable charged defects. It has been 
suggested that the Pt substrate must be replaced with conducting oxides such as RuO2,
IrO2, (LaXSr1-X)CoO3 and Sr0.5Ru0.5O3 to avoid the fatigue due to oxygen 
vacancies.55,56,5758 
Conductive metal oxide layers such as La0.5Sr0.5CoO3 (LSCO) and 
Sr0.5Ru0.5O3 (SRO) were used as bottom electrode layers. 
 
2.3.1 RF sputtering 
For RF sputtering, a high-frequency generator is used generating 
electromagnetic power in the MHz Region (typically 13.56 MHz). Therefore, the 
sputtering target is alternatively bombarded by ions and then electrons to avoid 
charge build-up which limits the use of dc-sputtering for insulating thin film 
deposition. 
 
Figure 2-5.  RF sputtering configuration. 
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50 – 60 nm of LSCO or SRO electrode layers were deposited at room 
temperature on SrTiO3 / Si or SrTiO3 substrates by RF sputtering with a power of 300 
W for 30 min. A mixed gas with a ratio of 5 : 1 for Ar : O2 was used as the reactive 
and the oxidation source. 
The samples were then annealed at 600 – 650 oC for 1 hour in an oxygen-
flowing tube furnace to obtain an epitaxial buffer layer for PZT films. The cooling 
rate was set to 5 oC/min after annealing. 
 
2.3.2 Pulsed laser deposition (PLD) 
PLD was used to prepare Sr0.5Ru0.5O3 thin films. In the PLD technique, a laser 
beam (most frequently an excimer laser) is directed at a solid target. The interaction 
of the pulsed laser beam with the target produces a plume of material that is 
transported toward a heated substrate placed directly in the line of the plume.  
50 - 60 nm thick SRO layers were prepared at 630 oC by pulsed laser 
deposition (PLD) where KrF laser with a wavelength of 248 nm was used. The 
deposition was carried out at 200 mTorr of oxygen for 30min and the samples were 
cooled down from growth temperature in 1 atmosphere of oxygen to prevent the 
occurrence of high oxygen vacancy concentration.  
The schematic diagram of a PLD chamber is illustrated in Figure 2-6. 
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Figure 2-6. Schematic of PLD system 59.
2.4 Device fabrication
To complete the capacitor stack for the electrical and electromechanical 
measurement, Pt / LSCO or Pt was deposited as top electrodes at room temperature, 
using RF sputtering and PLD. 
A standard positive photoresist (AZ 1512, Clariant Co.) was spin-coated on 
PZT surface with 4500 rpm for 40 seconds. Baking at 110 oC for 10 min. was 
followed to remove stabilizer from photoresist layer and make it to be condensed. The 
sample was covered by a photo-mask with proper patterning size and then exposed to 
ultra-violet (UV) light for 1 min. Developing process (AZ 400K developer) performs 
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photoresist removal by breaking down the structure of the exposed region and shapes 
circular holes. Care must be taken to avoid overdeveloping or incomplete developing 
which can be a critical factor to define the precise dimension and good contact 
between electrode and PZT films. 
This was followed by LSCO and Pt deposition at room temperature. The 
standard lift-off was used to make discrete top electrodes. In lift-off process, samples 
were dipped in acetone that dissolves underlying photoresist layer. The typical 
thickness of Pt top electrodes was 60 - 80 nm. The circular electrode diameter was 
between 18 and 50 µm. This process formed device structure for electrical 
measurement. 
The final sample structure is shown in Figure 2-7. 
 
Figure2-7. Sample structure after device fabrication. 
 
Substrate (STO or STO/Si)
Bottom electrode (LSCO or SRO)





2.5.1 X-ray Diffraction (XRD) 
X-ray diffraction (XRD) is a powerful method, which is widely used for the 
characterization of crystalline and structural properties with non-destructivity. When 
monochromatic X-ray radiation is incident upon the sample, a part of the radiation is 
scattered from the sample atoms. Scattered X-rays constructively interfere when 
certain conditions are satisfied. This phenomenon is known as diffraction of X-rays. 
Two incident rays are scattered from two atomic planes of the crystal. The traveling 
difference of two rays is equal to the double product of the interatomic plane distance 
dhkl and the sin function of the incident angle θ. If the traveling difference is equal to 
an integer number of the incident X-ray wavelength then the constructive interference 
of the diffracted beam occurs and a sharp diffraction peak can be observed. 
 This is expressed by Bragg’s Law [Eq. (2-1)]; 
 
θλ sin2dn = (2-1) 
 
where n is an integer, λ is the wavelength of X-rays (generally, Cu Kα
(1.54056Å)), d is the lattice interatomic spacing and θ is the diffraction angle.  
In the case of thin films, lattice mismatch between the grown film and the 
substrate occurs, which is an important factor in thin film material properties as well 
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as epitaxial devices. Thus, the complete set of XRD experiments enables to determine 
and compare the lattice parameters of the substrate and the grown films. 
In this study, XRD measurements were carried out by Siemens D5000 four-
circle diffractometer with monochromatized Cu Kα radiation. A typical θ - 2θ scans, 
ω - rocking curves and φ scans were performed in the XRD studies. 
The XRD measurement techniques are schematically illustrated in Figure 2-8. 
 
Figure 2-8. XRD measurement techniques. 
 
2.5.2 Rutherford backscattering (RBS) 
Rutherford backscattering (RBS) was employed for analyses of the 
composition and thickness of films with various growth conditions. A 2.00 MeV 









detected at a scattering angle of 168o. Channeling measurements were used to 
evaluate the heteroepitaxial quality of PZT films. 
Figure 2-9 shows a typical RBS result of a Pb(Zr0.2Ti0.8)O3 film. The 
calculated minimum-channeling yield obtained from random spectrum and aligned 
spectrum was 10 - 15 % from PZT films grown on STO substrate, which indicates an 
excellent crystalline property of PZT films. 
 




2.5.3 Ferroelectric property characterization 
The ferroelectric properties were characterized using a Radiant Technologies 
(RT) 6000 ferroelectric test system which is available for measurements of charge 
hysteresis, pulse response, bipolar resistivity, pulse polarization cycling vs. fatigue 
cycling and retention loss vs. time.  
 
Hysteresis polarization measurement
In Figure 2-10, the hysteresis drive profile is illustrated. The hysteresis 
measurement is performed by applying two single triangle waves which have 
opposite voltage. A triangle wave with the input positive voltage (+Vmax) is applied 
first and the negative voltage (-Vmax) is followed. The measure charge values at each 
step are plotted as polarization (Q/A = µC/cm2) vs. voltage. 
 




The pulse sequence to extract the switching polarization, called PUND, is 
shown in Figure 2-11. Switched and non-switched polarization is measured and 
polarization induced by domain switching (∆P = P* - P^) can be determined. In ideal 
case, the polarization measured from hysteresis loop measurement must be equal to 
the switching polarization obtained from a pulse polarization (2Pr ≈ ∆P).  
 
Figure 2-11. Sequence of voltage pulses. 
 
First sample is poled with one direction by negative pulse and the polarization 
state after poling is marked as 1. This polarization state (-Pr) is switched by following 
two pulses with opposite bias. The switched polarization (P*) and non-switched 
polarization (P^) is measured from these two pulses. Consequently, intrinsic switching 
polarization can be obtained from the relation of ∆P = P* - P^.
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By doing this measurement, non-ferroelectric switching polarization induced 
mainly by defects can be distinguished from ferroelectric domain switching. The 
sequence of pulse and corresponding polarization state are illustrated in Figure 2-12. 
 
Figure 2-12. Switching (P*) and non-switching (P^) polarization. 
 
2.5.4 Capacitance-Voltage measurement 
An HP 4194 gain impedance analyzer (Hewlett-Packard) was used for 
dielectric property measurement at room temperature.  
A small signal with 50 - 100 mV amplitude and various oscillation signal 
between 100 Hz and 100 kHz in frequency was applied to the test capacitors while a 
dc-bias was swept with up (negative bias to positive bias) or down (positive bias to 
negative bias) sweep direction. The small signal capacitance was recorded and the 





AC rεε 0= (2-2) 
 
where, C is the capacitance, ε0 is the permittivity of free space, εr is relative 
dielectric constant of the ferroelectric layer, A is electrode area and t is thickness. 
 
2.5.5 Piezoelectric force microscopy (PFM) 
The piezoelectric measurements and the domain structure in thin film, i.e., 
quantitative piezoelectric coefficient (d33) and piezoresponse domain imaging, were 
carried out using piezoelectric force microscopy (PFM). A commercial Digital 
Instruments Nanoscope IIIA Multimode scanning probe microscope, equipped with 
standard silicon tips coated with Pt/Ir alloy for electrical conduction is used. The 
schematic experimental setup is shown in Figure 2-13.  
PFM measurement is based on the detection of the local electromechanical 
vibration of the ferroelectric sample induced by an external ac voltage. An external 
voltage with a frequency ω was applied on the film surface through the tip, which 
generates a sample surface vibration with the same frequency due to the converse 
piezoelectric effect. The lock-in amplifier detects the modulated deflection signal 
from the cantilever which oscillates together with the sample. During measurement, 
the frequency of the applied voltage was much lower than the cantilever resonant 




Figure 2-13. Schematic of the experimental setup for piezoelectric measurements.60 
In piezoelectric imaging, the voltage is applied directly on the surface of 
sample through the conducting tip, which is used as a movable top electrode. By 
scanning along the sample surface, the domain configuration of the sample can be 
mapped out. The typical force constant of these tips was 5 N/m and the apex radius 
was approximately 20 nm. The contact force was estimated to be around 70 100 nN. 
In a quantitative d33 measurement, the output signal from the photodiode was 
calibrated using a quartz-coated with top and bottom Au electrodes (2.3 pm/V). 
The voltage is applied on the capacitor through the tip to top electrode. This 
not only makes a homogenous electric field under the electrode, but also prevents the 
build up of electrostatic interaction between the cantilever and the sample. The 
measurement frequency of 6.39 kHz was used. Each capacitor was driven at 
particular dc voltage to study the field dependence. 
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Chapter 3: Pb(Zr0.5Ti0.5)O3 thin film growth on Si 
 
3.1 Background
Lead zirconate titanate (PZT) ferroelectric thin films have been extensively 
studied as candidates for use in nonvolatile ferroelectric random memories 
(FeRAMs)61,62,63, field effect devices64,65, microelectromechanical systems (MEMS)66,
and pyroelectric sensors67. Efforts to integrate ferroelectric thin films with Si-CMOS 
technology have been greatly increased to enable commercially viable, high-density, 
nonvolatile ferroelectric memories and other devices. However, the polycrystalline 
nature of the PZT layer that is typically deposited on platinum-coated silicon wafers 
can lead to the suppression of ferroelectric and piezoelectric properties of the films. 
To improve such properties, employing the appropriate substrate must be considered 
to lower the strain introduced by the mismatch of the substrate and the ferroelectric as 
well as to control the PZT orientation to the desired direction. 
Up to date, there has been significant progress in the growth of epitaxial 
oxides on semiconductors. 68 , 69 , 70 , 71  Of specific interest is the development of 
epitaxial SrTiO3 (STO) on silicon for use as an alternative gate dielectric.72,73,74 By 
using insulating STO layer as a template/barrier, the epitaxial growth of ferroelectric 
layers by a sol-gel method has been recently demonstrated.75 
The orientation of epitaxial STO layer on Si substrate is illustrated in Figure 
3-1. The STO layer allows the growth of a highly textured/epitaxial film, ensuring 
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high polarization as well as uniform properties over large scales and small feature 
sizes. Such an approach is especially important when the ferroelectric grain size is 
commensurate with that of the lateral dimensions of the storage cell. This 
combination of ferroelectric thin film into a bulk semiconductor devices raises 
practical issues due to the properties of the ferroelectric thin film itself and to process 
integration. 
 
Figure 3-1. Growth of epitaxial STO films on Si substrate 
 
In this chapter the structural and physical properties of LaSrCoO3 / Pb(ZrXTi1-
X)O3 / LaSrCoO3 (LSCO/PZT/LSCO) capacitors, which can provide a solution to the 
polarization fatigue problem, will be presented. In this study the dependence of PZT 
film composition with the precursor mixing ratio, growth temperature, and switching 
properties of epitaxial Pb(Zr0.5Ti0.5)O3 capacitors are addressed. 
 
Si : 5.43 Å
STO : 3.905 Å
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3.2 Growth condition control
In order to fully control the MOCVD deposition process, the ratio of 
Zr/(Zr+Ti) in Pb(ZrXTi1-X)O3 films as a function of the Zr and Ti precursor ratios 
(V(Zr) / V(Ti)) was mapped out. In this study x ranged from 0.2 to 0.8 at a deposition 
temperature of 650 oC. The dependence of PZT composition with various 
temperatures at specific precursor ratios was also investigated. Figure 3–2 shows the 
relationship of Zr/(Zr+Ti) atomic ratio in the PZT films measured by RBS versus 
supply precursor source mixing ratios.  
















Solution mixing ratio (Zr/(Zr+Ti))
 
Figure 3-2. The relation of atomic percent of Pb, Zr and Ti of PZT films was 
measured by RBS with precursor mixing ratio prepared at 650 oC and the same 
volume ratio (V(Pb) / V(Zr) = 1 ) of Pb and Zr precursors was used during deposition 
at 650 oC. 
48 
 
The volumetric ratio of Pb was fixed between 20 - 30 % to get a proper 
stoichiometric composition of Pb/(Pb+Zr+Ti) (~ 0.5). Even though the entire range of 
compositions (0<Zr/(Zr+Ti)<1) of PZT films were able to be obtained with proper 
solution mixing ratios, non-ideal solution behavior was observed. Keijser et al.
experimentally determined a non-ideality factor for a conventional bubbler system 
where each precursor was thermally controlled separately.76 Non-ideality factor (K)







−=− 11 (3-1) 
 
where, x and xg denote Zr/(Zr+Ti) ratio in film and gas phase, respectively. 
As an approximation, we assume xg can be directly replaced with xl (liquid 
mixing ratio of Zr/(Zr+Ti)). The obtained K value was 2.6, which is higher than the 
result of 1.49 reported by Keijser et al. While conventional bubbler systems deliver 
each precursor separately, liquid delivery systems have only one hot vaporization cell 
where mixtures of three different precursors are vaporized simultaneously and then 
delivered to the chamber together. Since the three precursors have different thermal 
properties, such as evaporation temperature and thermal volatility, volumetric 
solution mixing ratio cannot be the same as the supply gas ratio of each component at 
a fixed temperature which means that xl is not equivalent to xg and other calibration 
factors must be added to Eq. (3-1) to compensate for different thermal volatility. Even 
though the K’s for liquid and gas delivery are not physically equivalent, they are still 
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useful in describing the relative ease of composition control, independent of delivery 
method. Despite the relatively high non-ideality factor, it was still possible to 
reproducibly control film composition. 
Figure 3-3 shows the variation of Pb concentration in the film with changing 
supply mixing ratio at a substrate temperature of 650 oC. Pb concentration in the film 
became saturated at a supply mixing ratio of 20 % (Pb/(Pb+Ti+Zr) = 0.5). 






Substrate temperature : 650 oC








Mixing ratio [Pb/(Pb+Zr+Ti)] (%)
 
Figure 3-3. The variation of Pb atomic percent grown at 650 oC with different liquid 
supply flow rate. 
 
This behavior is consistent with the well-known Pb concentration self-
regulation mechanism.76,77,78 This self-regulation behavior can be explained by the 
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existence of an equilibrium state between adsorption to substrate surface and 
desorption to gas phase. The higher vapor pressure of PbO compared with ZrO2 and 
TiO2 allows it to be readily re-evaporated from substrate at high temperature. 
Competitive reactions between adsorption and re-evaporation on the substrate results 
in a plateau, which can be used as process window. 
The ferroelectric properties of PZT films were significantly influenced by the 
Pb stoichiometry composition as shown in Figure 3-4.  
 
(a)   Pb-excess composition                           (b) stoichiometric composition 
 
Figure 3-4. The effect of Pb stoichiometry 
 on ferroelectric properties of PZT films. 
 
(c) Pb-deficient composition  



















































No hysteresis behavior or balloon-like opened-hysteresis loops were observed 
from samples which have more than 10 % Pb excess. Saturated hysteresis loops were 
obtained from 18.5 % < Pbfilm < 21 % composition of PZT films which correspond to 
7.5 % deficient and 5% excess from stoichiometric Pb composition. On the other 
hand, dielectric linear response was measured from Pb deficient films. 
The variation of composition of each element in film with growth temperature 
was shown in Figure 3-5. Volumetric mixing ratio of liquid sources was 29 : 29 : 52 
of Pb : Zr : Ti and vaporizer temperature was fixed at 190 oC. 
 
























It was observed that Pb in PZT films decreases with increase of growth 
temperature because of highly volatile thermal property meanwhile Ti has a slight 
increase in the PZT films. The content of Zr in PZT films increased below 550 oC and 
then saturated. From this plot, it was found that the lowest temperature to get 
stoichiometric composition (0.9 < Pb/(Zr+Ti) < 1.1) is about 550 oC and Pb atomic 
ratio in films drastically increased at low temperature occurred (lower than 500 oC).  
The XRD patterns of PZT films deposited at various temperatures are shown 
in Figure 3-6. As expected from composition measurement, highly [00l] oriented PZT 
films without any secondary phase were formed above growth temperature of 500 oC. 
However, only PbO peak was observed from film deposited at 450 oC.  























Figure 3-6. θ - 2θ XRD patterns from films deposited at different temperature. 
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P-E hysteresis loops and switched polarization (∆P = P* - Pr (~ 2Pr)) were 
measured from these films. The higher polarization values were obtained from films 
grown at high temperature as shown in Figure 3-7, which results from the better 
crystallinity with high process temperature within stoichiometric composition. 
 













































Figure 3-7. (a) P-E hysteresis loops and (b) Switched polarization (∆P = P* - Pr (~ 
2Pr)) from films deposited at different temperature. 
 
Pure oxygen was used an as oxidation source for the PZT thin film growth. 
The deposition of metal oxides can theoretically be achieved without an added 
oxidant source because a metal-oxygen bond is already present in metal β-diketonate 
complex. On the other hand, metalorganic precursors contain carbon element already, 
which can be the critical factor of the leakage problem when it is incorporated into 
the films. Therefore it is necessary to add oxygen gas to fully convert the hydro-
carbon in β-diketonates complex to CO2 and H2O. The dependence of the oxygen 
flow rate on the PZT film growth is shown in Figure 3-8.  
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(a)                                                           (b) 
Figure 3-8. The dependence of oxygen flow rate on the film growth (a) O2 : 0 sccm 
and (b) O2 : 300 sccm. 
 
Perovskite PZT phase was not formed without oxygen supply while the 
epitaxial films were obtained with minimum oxygen flow rate of 300 sccm. Oxygen 
flow rate of 500 sccm which is the pressure of 0.9 torr in chamber was used as a 
growth condition. 
 
3.3 Structural and electrical properties of Pb(Zr0.5Ti0.5)O3 films
Pb(Zr0.5Ti0.5)O3 films were obtained with the solution mixing ratio of 20 : 20 : 
60 from Pb : Zr : Ti. This composition is close to the morphotropic phase boundary 
(MPB). This composition possesses a lower coercive field, and large d33, which is 




A typical θ - 2θ x-ray diffraction scan of LSCO/PZT/LSCO is shown in 
Figure 3-9, indicating that the LSCO/PZT/LSCO heterostructure is highly [00l]
oriented without any secondary phase. The in-plane φ-scan around the (101) peak 
shown in the inset in Fig. 3-9 further confirms that the films grow with the expected 
four-fold symmetry. A c-axis lattice parameter of 4.08 Å was calculated from the 
diffraction patterns.  






























Figure 3-9. A typical θ-2θ x-ray diffraction scan and φ-scan of LSCO/ PZT/LSCO 
capacitors deposited on STO/Si at 650 oC. 
 
The capacitors were subjected to a variety of stringent electrical tests to probe 
their performance characteristics. The hysteresis loops of 230 nm thick PZT films 
measured at 1 V, 3 V, and 5 V are shown in Figure 3-10. The measured resistivity 
















was found to be in the order of 4 – 8 × 1010 Ω-cm. The remanent polarization (Pr) and 
coercive field (Ec) measured at 3 V were about 25 µC/cm2 and 27.5 kV/cm, and about 
31 µC/cm2 and 30 kV/cm at 5 V, respectively. This high polarization and low 
coercive field are very favorable for FeRAM application. 

















Figure 3-10. The hysteresis response of 230 nm thick Pb(Zr0.5Ti0.5) capacitor 
sandwiched by LSCO electrodes at 1 V, 3 V and 5 V. 
 
Capacitance curves measured on this film are shown in Figure 3-11. The 
measurements were made for disk shape capacitors with an area of 2.2 × 10-5 cm2. A
capacitance of 158 pF at 6390 Hz, and the dielectric constant (εr) calculated from this 







0εε , where t is thickness, C is capacitance, ε0 is permittivity of free space and 
A is electrode area). This value is close to the results obtained for films of similar 
compositions and thicknesses grown by CVD.79 














Figure 3-11. Capacitance vs applied voltage measured with 230 nm thick 
Pb(Zr0.5Ti0.5) capacitor sandwiched by LSCO electrodes.  
 
In order to further characterize the capacitors, the pulsed polarization (∆P = P*
– P^) as a function of applied voltage is displayed in Figure 3-12.  
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Figure 3-12. Polarization (switched (P*) – non-switched (P^)) and coercive voltage 
of LSCO/PZT/LSCO capacitors as a function of applied voltage. 
 
It indicates a pulsed polarization value of 34 µC/cm2 and 36 µC/cm2
corresponding to 3 V and 5 V, respectively. In addition, the coercive field versus the 
applied voltage is shown in the same figure. This figure shows that it saturates with 
increasing the applied voltage; the coercive field is only 37.3 kV/cm  (0.75 V) at 12 
V, which is consistent with the properties of PZT near MPB 80 and ideal for low 
voltage application. 
Figure 3-13 shows the dependence of pulsed polarization (∆P) on pulse-width. 
A key point of reference is the value of this pulse polarization at a pulse width of 1 
µsec. The LSCO / PZT / LSCO capacitors show favorable pulse width dependence, 
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i.e. the polarization measured at 5 V is 33 µC/cm2 at 1 µsec pulse width and increases 
to about 40 µC/cm2 at 1000 µsec. It is still 23 µC/cm2 at 3 V for a pulse width of 1 
µsec. Quantitative fits of the pulse width dependence for the samples yield a slope 
that is essentially constant (2.5 - 3 µC/cm2 per decade) although the slope measured at 
5 V is slightly smaller. The weak pulse-width dependence of polarization for the 
samples prepared by MOCVD demonstrates that these capacitors are promising 
candidates for high-speed FeRAM application.   



















Figure 3-13. Pulse-width dependence of polarization (switched (P*) – non-switched 
(P^)) of LSCO/PZT/LSCO capacitors measured at 3V and 5 V, respectively. 
 
A key issue in ferroelectric materials is the degradation of properties as a 
result of a large number of switching cycles and this effect is known as fatigue. A 
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critical drawback in early ferroelectric memories was the fact that the total switched 
charge decreased with use. Typically switched charge degraded to ~50 % of its initial 
value after 106 writing/read cycles. This is crucial problem for ferroelectric memories 
and fatigue in ferroelectric devices has been studied for many years. It has been 
clearly demonstrated that the use of a conducting perovskite electrode (such as 
LSCO) can eliminate polarization fatigue.81 Figure 3-14 shows the test capacitors 
subjected to polarization fatigue testing via bipolar-pulsed cycles of both 3 V and 5 V 
at 1 MHz. Fatigue characteristics of LSCO/PZT/LSCO capacitors measured at 
different voltages shows no observable degradation up to 1011 cycles. 








measured at 5 V











Figure 3-14. Fatigue resistant characteristics of LSCO/PZT/LSCO capacitors as a 
function of bipolar-pulsed cycles measured at 3 V and 5 V, respectively. 
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In order to confirm that the capacitors still retain a logic state (either ”1” or 
“0”) after cycling, capacitors were subjected to the retention test. During a retention 
test the decay in stored charge (polarization) of a capacitor which has already been 
stored as a “1” or “0” logic state is measured as a function of time. The retention tests 
were performed by applying a write pulse of 3 V and 5 V to a test capacitor, after a 
specific period of time, and then applying two read pulses using the same voltage as 
write voltage to measure the polarization. The difference of switched polarization (P*)
and nonswitched polarization (P^) is used to characterize the ability of retention to 
distinguish the two logic states. Figure 3-15 shows desirable retention characteristics 
measured at 3V and 5 V. The polarization of test capacitors did not decrease 
apparently up to 105 sec.  





















Figure 3-15. Retention characteristics of LSCO/PZT/LSCO capacitors as a function 
of time measured at 3 V and 5 V, respectively. 
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PZT with composition around MPB is known to display anomalously high 
dielectric and piezoelectric responses, which has also been observed in thin films. 
Accordingly, PZT thick films have attracted a great deal of attention as actuators with 
applications in MEMS devices.  
The piezoelectric hysteresis loops for this MPB composition samples were 
measured by using piezoresponse microscopy, which has been successfully used to 
characterize piezoelectric properties of PZT capacitors.82, 83 Figure 3-16 shows the 
piezoelectric hysteresis loops obtained from 230 nm- and 1, 3, 5 µm-thick 
Pb(Zr0.5Ti0.5)O3 films. The obtained maximum out-of-plane piezoelectric coefficients, 
i.e., d33, were 199, 208, 226 and 218 pm/V, respectively, which are higher than values 
reported by other studies but still smaller than bulk value.  
















Applied electric field (kV/cm)
 




Further analysis on d33 values of films compared to that of bulk will be 
discussed in following section. 
 
3.4 Comparison of piezoelectric properties of different thickness and 
composition
As indicated in previous section, the PZT family of ceramics is widely used in 
piezoelectric and dielectric applications. It was reported that compositions near the 
morphotropic phase boundary (MPB) have the largest piezoelectric constants. 84 
Especially, [001] oriented bulk PZT shows maximum values of 327 pm/V for the 
tetragonal phase and above 500 pm/V for the rhombohedral phase.  In this study, PZT 
films with different thickness from 230 nm to 5 µm were fabricated and piezoelectric 
properties were measured and compared with bulk values.  
In order to avoid the complication induced by large discontinuity of d33 
between tetragonal and rhombohedral structures, first we identified the structure of all 
the samples. Careful measurements were performed by φ-scan and in plane lattice 
parameter measurement. All the samples showed four-fold symmetry, which reveals 
the cube-on-cube epitaxy, and tetragonal structure was confirmed by calculation of 
c/a ratio (between 1.005 and 1.01). The obtained c/a values, which are smaller than 
that of bulk (1.025), illustrates the in-plane tensile stress in PZT films induced by the 
thermal mismatch between films and the Si substrate.  
Figure 3-17 showed the variation of d33 values and coercive fields obtained 
from 230 nm, 1 µm, 3 µm and 5 µm thick films. The obtained d33 values showed 
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almost constant values between 199 pm/V and 225 pm/V within experimental error, 
while coercive field decreased sharply up to 1 µm and saturated at 10 kV/cm. In a 
previous study, the effect of misfit on d33 was demonstrated, where the d33 of PZT 
films on Si substrate were theoretically predicted. The obtained values in this study 























Figure 3-17. The changes of piezoelectric coefficient (d33) and coercive field (Ec)
with film thickness; ○ d33 of PZT films, ■ Ec of PZT films  
 
The compositional dependence of d33 on the Zr/(Zr+Ti) ratio has been further 
investigated. All the samples were prepared with the thickness at 230±20 nm. Figure 
3-18 demonstrates the relationship of experiment measured film d33 and the 
theoretical bulk d33 (by Haun et al) with the composition of PZT films. 86  The 
maximum d33, 199 pm/V, was obtained at MPB composition. This tendency is in 
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good agreement with those of bulk PZT. For reference, the dependences of d33 on the 
Zr : Ti ratio obtained from PZT films grown by PLD and sol-gel are plotted in the 
same figure.75,85 All the films were prepared on the same type of substrate 
(LSCO/STO/Si). Although the experimentally measured values of d33 are still 
significantly smaller than those theoretically predicted by Haun et al, PZT films 
prepared by different growth methods show a similar values and trend.


















Figure 3-18. The changes of piezoelectric coefficient (d33) with change of Ti/(Zr+Ti) 





The values of remanent polarization (Pr) and saturation polarization (Ps) from 
these hysteresis loops are plotted in Figure 3-19. For 0.27<x=[Ti/(Ti+Zr)]<0.55, Pr
values were in the range of 20–33 µC/cm2 and showed a clear dependence on x with a 
minimum near the morphotropic boundary.  

























Figure 3-19. The variation of ferroelectric properties with change of Ti/(Zr+Ti) ratio; 
-•- Ps of bulk PZT calculated by Haun et al., ■ Pr from MOCVD,   Ps from 
MOCVD, ♦ Pr from PLD, ◊ Pr from PLD, and ο Pr from Sputtering. 
 
The Pr values for rhombohedral compositions were measured along <001> 
direction, but the polarization vector in these phases lies along the pseudocubic 
<111> direction. Consequently, for rhombohedral compositions, only a projection of 
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the total polarization vector on the <001> was measured and actual values of Pr must 
be higher than obtained values. The variation trend showed very similar to the 
theoretical values by Haun et al. but still showed small values, which is attributed to 
the thermal stress by the Si substrate and lattice mismatch strain between LSCO and 
PZT layers. These effects will be discussed in next chapter. 
 
3.5 Discussion
It should be mentioned that measured piezoelectric coefficients are still 
smaller than theoretical value for bulk-PZT. This may be caused by several factors, 
for example, the clamping from substrate, which can be reduced by creating sub-
micron islands of PZT capacitors (by Focused Ion Beam etching (FIB)). Accordingly, 
d33 values close to theoretical prediction from FIB processed PZT capacitors have 
been obtained where PZT films were prepared by pulsed laser deposition (PLD).85 
These results suggest that d33 values are substantially suppressed in continuous films 
by the clamping from the substrate. 
The piezoelectric coefficient (d33) can be expressed as a function of 
polarization (P), relative permittivity (ε33), and electrostrictive coefficient (Q)
according to the Eq. (3-2).87 

















where, f and b denotes “film” and “bulk”, respectively, and Sij are elastic 
compliances. 
Considering the 50/50 composition films, 
bd31 = - 156 pm/v, bd33 = 327 pm/v (in tetragonal phase boundary), 
ES13 = - 4.22×10-12 m2/N, ES11 = 12.4×10-12 m2/N, ES12 = - 4.06×10-12 m2/N,86 
then, 
fd33  (001)= 327 – 158 = 169 pm/v is expected from for single c-domains and 




Chapter 4: Thickness effects in epitaxial Pb(Zr,Ti)O3 films 
grown by MOCVD 
4.1 Background
The stringent need for high-density, high-speed, and low-power memory 
devices has prompted an immense interest in studying the size effect in ferroic 
systems. However, a progressive degradation of ferroelectric properties has been 
generally observed including the decrease of remnant polarization, the increase of 
coercive field and a lower phase transition temperature with decreasing film 
thickness.89,90,91 Consequently, the critical thickness of a ferroelectric thin film, i.e.,
the thickness limit when the ferroelectricity becomes unstable, has become an issue of 
tremendous interest. 
Based on the research performed during the last decade, several models have 
been proposed to explain the size effect including both experimentally induced 
imperfect film structures originating from deposition process, and theoretically 
predicted intrinsic phenomena. The former describes the presence of a non-switching 
and low-permittivity layer at the ferroelectric-electrode interface; meanwhile the 
other comprises depletion, surface intrinsic effect and depolarizing effects. However, 
both theoretical and experimental results have shown that critical thickness has been 
changed with time.  
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Larsen et al. proposed blocking layer model where the presence of a non-
ferroelectric blocking layer in ferroelctric capacitors made with PZT films92. By 
correcting for the influence of this layer, it was found that there is no thickness 
dependence of ferroelectric properties, at least down to a thickness of 0.1 - 0.2 µm. 
Meanwhile, Yanase et al. successfully reported sharp hysteresis loops and low 
leakage in a 12 nm thick BaTiO3 film grown on SrRuO3 bottom electrodes, with a 2Pr
value of 65 µC/cm2.93 Moreover, the recent first principle calculations for a realistic 
BaTiO3 thin films between two epitaxial metallic SrRuO3 electrodes under short 
circuit conditions have shown that the critical thickness for ferroelectricity is of the 
order of 6 unit cells which corresponds to 2.4 nm 94  where the reason for the 
disappearance of a stable polar state was demonstrated to be a depolarizing 
electrostatic field. 
(a)                                                                  (b) 
Figure 4-1. (a) Evolution of the energy as a function of the soft-mode distortion ξ.
(b) Induced dipoles, potentials and depolarizing fields along the [001] direction of the 
short-circuited ferroelectric capacitor. [Ref. 94] 
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In parallel, current nonvolatile memory manufacturing processes require a 
scalable process such as metalorganic chemical vapor deposition (MOCVD) to grow 
ferroelectric layers. Attempts to scale the operating voltage by reducing PZT 
thickness are generally hampered by a substantial increase in coercive field (Ec) and a 
marked decrease in switched polarization (Psw), particularly below 100 nm. 
Accordingly, the research on thin film (tfilm<100 nm) growth by MOCVD has been 
intensified to improve the properties and the understanding of size dependent 
phenomena in thin films. 
Physical vapor deposition (PVD) techniques, such as pulsed laser deposition 
(PLD) and sputtering, have been employed to prepare samples for studying the size 
effect in thin films because of the facile control of the stoichiometry.89,95,96 Only a few 
quantitative studies on the properties of ultra-thin Pb(ZrxTi1-x)O3 (PZT) films grown 
by MOCVD have been reported.90,97 However, quantitative results on the effects of 
thickness scaling down to a few 10’s nm have been rarely reported because of the 
complications in the chemical reaction and difficulties in controlling the growth 
process in CVD. The experimental data, even for hundred of nanometers thick films, 
have shown polarization values smaller than those predicted by theoretical 
calculations. These findings have been explained by the presence of non-ferroelectric 
interfacial layers and/or dislocations in films prepared by MOCVD.92,98 Up to date, 
only a few films with intrinsic polarization values have been reported.99 In order to 




Another key aspect for reliable quantitative analysis of ultra-thin films is to 
employ a suitable measurement technique. Traditionally, P-E hysteresis loop 
measurements have been used to evaluate the ferroelectric properties in thin films. 
However, polarization measurements for ultra-thin films are primarily dominated by 
leakage and other methods are required. 
A variety of techniques have been introduced to investigate ferroelectricity of 
ultra thin film. Fong et al. observed ferroelectric phase of PbTiO3 on STO substrate 
down to 3 unit cell thickness by observing the stripe domain formation with 
synchrotron X-ray technique.100 Another example is that polarization dynamics in 
ferroelectric films has been successfully studied at sub-micron scale with scanning 
probe microscopy techniques. Notable examples are the works of Ahn et al. and 
Tybell et al. in which the time dependence of local piezoelectric and electric field 
signals suggests a stable ferroelectric polarization in PZT films down to thickness of 
40 Å (10 unit cell).101 The advantage of the piezoelectric force microscopy (PFM) 
technique is the reduced sensitivity to leakage currents, which is a major problem in 
measuring ferroelectric properties for ultra-thin films. Previous research also has 
shown that the polarization dynamics in ferroelectric films can be successfully 
studied at submicron scale with scanning probe microscopy techniques.101,102,103 
The approach in this study is based on two steps. First, epitaxial PZT films 
with bulk-like properties were prepared, to enable the extraction of intrinsic 
properties from extrinsic effects. Second, the thickness effect is investigated by 
probing the local piezoelectric response by PFM. 
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4.2 Thickness effects in PZT thin films : a model system
Selecting suitable buffer layers between substrate and film can control the 
strain in the film. In the case of capacitor devices, bottom electrode layers can play a 
critical role as a buffer layer as well as conducting layer. Accordingly, the choice of 
electrode materials must be considered for desirable electrical and crystalline 
properties of PZT. 
 
Figure 4-2. The lattice parameter constant variation with different composition of 








Figure 4-2 demonstrates the lattice parameter constant variation with different 
composition of zirconium to titanium in PZT. The key factor of this figure is to 
compare the in-plane lattice constant misfit strain between PZT and electrodes. This 





Lattice mismatch between LSCO bottom electrode and Pb(Zr0.5Ti0.5)O3 is 
pointed as PL, which is about 3.75 % misfit strain. On the other hand, SrRuO3, which 
is also conductive metal oxide, can be outstanding candidate as a bottom electrode 
layer because of its excellent lattice match with STO and Pb(Zr0.2Ti0.8)O3.
First, different thickness of Pb(Zr0.5Ti0.5)O3 films were prepared on 
LSCO/STO substrates. SrTiO3 was selected as a substrate because the thermal 
mismatch with PZT thin film is smaller than that with Si substrate. P-E hysteresis 
loops and switching polarization (∆P) obtained from 20, 40, 70, 100 and 200 nm 
thick Pb(Zr0.5Ti0.5)O3 films are shown in Figures 4-3(a) and (b). It was observed that 
the decrease of polarization in the wide range of the thickness as film thickness 
decreased and smaller polarization than theoretically expected intrinsic value was 
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Figure 4-3 (a) P-E hysteresis loops and (b) Switching polarization and d33 for 20, 40, 
70, 100 and 200 nm thick Pb(Zr0.5Ti0.5)O3 films on LSCO/STO substrate. 
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In order to confirm the film quality, the thickness dependence of the 
polarization and piezoelectric coefficient obtained from MOCVD-Pb(Zr0.5Ti0.5)O3
films was compared with the results obtained from Pb(Zr0.5Ti0.5)O3 films grown by 
sputtering method (prepared by Prof. Eom group in Univ. of Wisconsin-Madison). As 
shown in Figure 4-4, similar switching polarization (∆P) and d33 values and scaling 
behaviors were obtained from Pb(Zr0.5Ti0.5)O3 films prepared by two different growth 
methods. Both ∆P and d33 show the drastic decrease around 250 - 300 nm.  
In epitaxial films and heterostructures, the strain due to lattice mismatch 
between the film and the substrate can be relaxed by the formation of misfit 
dislocations at the film-substrate interface. The relation between the critical thickness 
for the formation of misfit dislocation and misfit strain can be described by the 








chbch ενπ (4-2) 
 
where, hc is the critical thickness for misfit dislocation formation, ν is the 
Poisson’s ratio, b is the Burger’s vector, and ε is the lattice mismatch.  
This misfit dislocation acts as an extrinsic dominating factors, such as 
depolarizing field formation, in the scaling of polarization,104,105,106 which can be 
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(c)                                                                (d) 
Figure 4-4 (a) ∆P vs film thickness (b) d33 vs film thickness from MOCVD-
Pb(Zr0.5Ti0.5)O3 films, (c) ∆P vs film thickness (d) d33 vs film thickness from 
Sputtering-Pb(Zr0.5Ti0.5)O3 films. 
 
As indicated in Figure 4-2, the approach of lattice engineering scheme to 
investigate the thickness dependence was changed (from PL to PS). 
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As far as the composition of PZT films is concerned, we have focused on 
Pb(Zr0.2Ti0.8)O3 with the conducting perovskite, SrRuO3 (SRO) [pseudocubic with 
a=0.393 nm (calculated from the orthorhombic lattice parameters of a = 0.557, b =
0.553, and c = 0.785 nm)]. SRO is one of the most promising conductive metallic 
oxides with very good thermal conductivity and stability, and high resistance to 
chemical corrosion. Pb(Zr0.2Ti0.8)O3 thin films were prepared on SrRuO3(SRO) / 
SrTiO3(STO) (001) substrates by liquid delivery MOCVD. SRO bottom electrode 
with 50 - 60 nm thickness was deposited by pulsed laser deposition (PLD) at 630 oC
for 35 minutes. 
AFM topographic images of the as-grown SRO bottom electrode surface 
(Figure 4-5) showed that the surface is atomically flat terraces separated by single and 
double atomic steps. Thus, these layers are applicable to the heteroepitaxial growth of 
further oxide layers in applications requiring a conducting bottom layer.  
The high surface quality (near-perfect) for under-layer is preliminarily 
required to minimize leakage and surface roughness of PZT films. 
For the quantitative electrical and electromechanical measurement, Pt was 
deposited as the top electrode with 18-32 mm diameter circular pads patterned by 








4.3 The thickness effects in Pb(Zr0.2Ti0.8)O3 thin films
Prior to studying ultra thin films, we prepared and studied the ferroelectric 
properties of relatively thick PZT films (~130 nm). 
A typical θ - 2θ x-ray diffraction scan of PZT/SRO is shown in Figure 4-6 (a), 
indicating that the PZT/SRO heterostructure is highly [00l] oriented without any 
secondary phase. The in-plane φ-scan around the (101) peak shown in the inset in 
Figure 4-6 (a) further confirms that the films grow with the expected cube on cube 
four-fold symmetry. A c-axis lattice parameter of 4.14 Å was calculated from (002) 
peak from the PZT diffraction patterns. 
These films exhibited excellent crystalline property with ω - rocking full 
width at half maximum (FWHM) of 0.26o and the minimum-channeling yield 
(obtained from RBS) of 10 - 15 %. 
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(a)                                                              (b) 



































(c)                                                            (d) 
 
Figure 4- 6(a) A typical θ - 2θ x-ray diffraction scan of 130 nm thick PZT/SRO/STO. 
The in-plane φ-scan around the (101) peak shown in the inset. (b) P-E hysteresis 
loops measured at a frequency of 16 kHz. (c) PUND (∆P = P* (switched polarization) 
- P^ (non-switched polarization)) measurement. (d) Piezoelectric hysteresis loop 
measured at room temperature. 























Sharp and square P-E hysteresis loops were obtained, with the remanent 
polarization values (2Pr) of about 145 µC/cm2 as shown in Figure 4-6 (b), which 
correspond to bulk-like ferroelectric properties.107 To extract the intrinsic polarization 
switching, PUND (∆P = P*, i.e. switched polarization, - P^, i.e. non-switched 
polarization) measurements were also performed and it was confirmed that obtained 
values of 2Pr are consistent with the switched polarization, ∆P [Figure 4-6(c)]. 
The out-of-plane piezoelectric coefficient (d33) value of 60 – 65 pm/V 
obtained from piezoelectric hysteresis loop is shown in Figure 4-6(d). The 
experimentally obtained piezoelectric coefficient is in good agreement with 
theoretical calculations for d33 of clamped PZT films.108,109 
A set of hysteresis loops for 25, 34 and 130 nm thick films measured at a 
frequency of 16 kHz is shown in Figure 4-7. The remanent polarization values (2Pr)
of 140 - 150 µC/cm2 were also observed with 25 and 34 nm thick films. Asymmetric 
coercive fields were observed due to the asymmetric electrical boundary conditions 
between the top (Pt/PZT) and bottom (PZT/ SRO) electrode interfaces. Small 
openings were observed in the hysteresis loops of the 25 and 34 nm thick films which 
are attributed to the leakage component effects in Pt top electrode side. The intrinsic 
polarization switching was measured by pulse polarization measurement [PUND, ∆P
= P*, i.e. switched polarization, - P^, i.e. non-switched polarization] which is less 
likely convoluted by leakage and nonlinear dielectric effects, and these polarization 

























Figure 4-7. Ferroelectric hysteresis loops as a function of electric field for 25, 34 and 
130 nm thick PZT films measured at 16 kHz. 
 
Figure 4-8 shows piezoelectric hysteresis loops measured at room temperature. 
Out-of-plane piezoelectric coefficient (d33) values of 55 – 65 pm/V in the thickness 
range of 17 – 130 nm were obtained. For the 17 nm thick film, a saturated d33 (E)
hysteresis loop with 55 pm/V was observed, but unsaturated P-E polarization loops 
due to high leakage current density were measured. This demonstrates that the 
quantitative determination of d33 using an AFM setup is significantly less convoluted 
by leakage, because the mechanical displacement of the cantilever is solely used for 
this measurement. However, due to the large top electrode size, measurements on 
films thinner than about 17 nm were mainly affected by leakage, and the results were 
unreliable. P-E and d33-E hysteresis loops obtained from 17 nm thick film are shown 
in Figure 4- 9. 
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Figure 4-8. Piezoelectric coefficients, d33, loops as a function of electric field for 17, 
25, 34 and 130 nm thick PZT films. 
 































(a)                                                            (b) 
Figure 4-9 (a) Ferroelectric hysteresis loop and (b) piezoelectric coefficients, d33, loop 




Therefore, local out-of-plane piezoelectric response measurements were 
performed to study ferroelectricity in films thinner than 20 nm. The film thickness 
was determined by cross section TEM images. Low magnification and high-
resolution cross-sectional TEM images of 34 nm thick PZT film are shown Figure 4-






Figure 4-10 (a) low magnification and (b) high resolution cross-section TEM images 











There was no second phase observed in TEM images and the epitaxial growth 
with a sharp interface between PZT and SRO was confirmed. In addition, the 90o
domains are not observed with this thickness range.  
Figures 4-11 (a), (b) and (c) show piezoelectric response images for the 34, 17, 
and 8 nm thick films. First, the films were poled at a positive dc-bias by scanning 
over an area of 1×1 µm2, followed by another poling at the opposite bias over a 
0.5×0.5 µm2 area inside the previously poled area. The magnitude of the piezoelectric 
response is defined as the peak-to-peak value of measured signal as shown in figures. 
The obtained signal magnitudes were 863.4 mV for 34 nm, 562.5 mV for 17 nm and 
357.1 mV for 8 nm thick films, respectively. 
A clear piezoresponse image with a signal magnitude of 5.2 mV, which is 
well above the noise level, was measured on a film as thin as 3.6 nm as shown in 
Figure 4-12 (c). This image was obtained after a 1.5 V dc poling, by scanning with 
the probe at an ac bias of 0.3 Vpp. From the high resolution TEM image in Figure 4-
12 (b), 8 - 10 unit cells of PZT films were counted.  
This thickness is very close to the theoretically calculated critical thickness for 
a BaTiO3 ferroelectric film by Junquera and Ghosez, where they predicted the critical 
thickness for BaTiO3 thin films under short circuit conditions is 6 unit cells which 






Figure 4-11. Piezoelectric response images for (a) 34 nm (b) 17nm and (c) 8 nm thick 
films. Piezoelectric response heights of 863.4 mV, 562.5 mV and 357.1 mV were 







(c)                                                                   (d) 
Figure 4-12 (a), (b) Cross-section TEM images of 3.6 nm thick PZT film. (c) 
Piezoelectric response images from 3.6 nm thick PZT films (8-10 unit cells). (d) 
Piezoelectric response of 5.2 mV was observed with ± 1.5 V and 0.3 Vpp.
5.2 mV 
15 nm






In contrast to polarization and d33, a drawback of the PFM technique is the 
difficulty of making quantitative analyses because of the inherent variations in the tip 
elastic constants, and also the uncertainties in electric field distribution at the tip apex. 
 In order to quantify the thickness dependent behavior, the measured 
piezoelectric response signals were normalized to the value obtained from a 34 nm 
thick film (863.4 mV) with same electric field. All the measurements were carefully 
performed and confirmed by calibrating with the value obtained from 34 nm thick 
films before and after measuring new samples. This is a reasonable approach because 
the 34 nm thick films show almost the same polarization and converse piezoelectric 
coefficient values as the 130 nm thick films which are considered bulk-like in terms 
of the ferroelectric properties.  
Figure 4-13 shows the dependence of ferroelectric order parameters 
(switching polarization, and d33) on the film thickness, and the local piezoelectric 
response. Polarization and d33 values were normalized with respect to the 
theoretically expected values for substrate-clamped films.110 
An abrupt drop of the normalized order parameters is observed between 10 
nm and 20 nm thick films. Responsible for this decay can be imperfect film structures 
grown during the deposition process, but theoretical calculations suggest that intrinsic 
and extrinsic phenomena may produce the same effect. 
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Figure 4-13. The behavior of ferroelectric order parameters in PZT films with film 
thickness. Normalized amplitudes from PFM (■), ∆P (∆) and d33 (∇) measurements 
of Pb(Zr0.2Ti0.8)O3/SRO were plotted. The dash-line plot shows the experimental 
result from PLD-PZT (Nagarajan et al.). The dependence of polarization (∆P) on 
thickness in Pb(Zr0.5Ti0.5)O3/LSCO is also plotted in same scale. 
 
Experimentally induced imperfections involve the presence of a non-
switching, and low-permittivity layer at the ferroelectric-electrode interface. As a 
comparison, the results on thickness scaling of polarization in Pb(Zr0.5Ti0.5)O3 films 
with a LaSrCoO3 (LSCO) bottom electrode are shown in the same figure. In this 
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aa −=ε ) measured from XRD was 1.4 %, 
which is almost one order of magnitude larger than the one measured for 
Pb(Zr0.2Ti0.8)O3 on SRO (0.2 %). In the Pb(Zr0.5Ti0.5)O3/LaSrCoO3 system, 
polarization does not saturate even at 250 nm thick films. As pointed out previous 
section, this demonstrates that the formation of misfit dislocations or imperfect 
interfacial layers due to large lattice mismatches or intermixing can induce a critical 
degradation of ferroelectricity in thin films. 
 The theoretical models take into account depletion, intrinsic surface and 
depolarizing effects, while a perfect structure is assumed. Recent results suggested 
that the depolarizing field governs the suppression of ferroelectricity. A quantitative 
study of the size effect was experimentally performed by Nagarajan et al.89 In this 
study, a pulsed probing technique was used to measure the switching polarization of 
PZT films grown by PLD and the size effect was scaled. It was suggested that the 
depolarizing field governs the suppression of ferroelectricity as suggested by 
Junquera and Ghosez.94 Those data are also plotted in Figure 4-13 for comparison, 
and show a similar behavior to the piezoelectric response results obtained on 
MOCVD-grown films. 
Although the critical thickness observed from MOCVD-PZT films is almost same or 
even smaller than that of PLD-PZT films, small shift to the thicker side was observed. 
This small deviation in scaling behaviors between PLD-films and MOCVD-films 
may originate from two main factors. First, the possible existence of error range or 
sensitivity of different measurement techniques may give rise to the different values. 
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The other critical reason for this deviation may be induced by the film crystallinity or 
composition change with thickness.  
The surface chemical bonding state analysis on 4 and 17 nm thick PZT films 
was performed by X-ray photoelectron spectroscopy (XPS). Typical XPS analysis 
uses an incidence angle normal to the sample surface. However, it is necessary to 
employ the low incidence angle (grazing incidence) to discern more clearly between 
the surface and bulk states. XPS analysis was carried out with two different incidence 
angle conditions. The high-resolution XPS results show no observable peak shift in 
Pb, Ti, and Zr peaks for 4 and 17 nm thick films in both incidence angle conditions as 
shown in Figure 4-14 (Pb 5d = 412.5 eV, Zr 3d5/2 = 180.4 and Zr 3d3/2 = 182.8, Ti 
2p3/2 = 457.3 and Ti 2p1/2 = 463, O 1s = 528.9). However, it was found that the peak 
widths of Zr peaks are wider for the 4 nm film compared to the 17 nm films, which is 
more clearly observed in grazing incidence angle measurement. This demonstrates 
that the Zr chemical bonding states influenced by chemical surrounding could be 
different in 4 and 17 nm thick films and the broadening in a few top layers is more 
pronounced. XPS work on PZT films by Vaidya et al. showed that the spin-orbit split 
Zr 3d peak exhibits two binding states one at Zr 3d5/2 = 180.3 and Zr 3d3/2 = 182.7 eV 
and the other at Zr 3d5/2 = 181.4 and Zr 3d3/2 = 183.8 eV. The lower bonding energy 
doublet of the Zr 3d peak was assigned to Zr atoms present in the form of an oxide in 
PZT, while the second Zr 3d doublet (Zr 3d5/2 = 181.4 and Zr 3d3/2 = 183.8 eV) is 
shifted from the lower bonding energy doublet by about +1eV. It was suggested that 
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(e)                                                 (f) 

















































(g)                                                  (h) 
Figure 4-14. XPS analysis on 4 and 17 nm thick PZT films. Normal (a), (c), (e), (g) 
and grazing incidence (b), (d), (f), (h) measurements. (a) and (b) : Pb (5d); (c) and 
(d) : Zr (3d); (e) and (f) : Ti (2p); (g) and (h) : O (1s). 
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X-ray photoelectron spectrum obtained from Zr 3d in 4 nm thick film can be 
interpreted by using this model. The precursor of Zr used in this study is 
Tetrakis(dimethylheptanedionate)zirconium, [Zr(dmhd)4, (C9H15O2)4Zr], and the 
hydroxide from this metalorganic source can be incorporated into PZT films when it 
is not completely decomposed to form ZrO2. Accordingly, Zr spectrum measured 
from 4 nm thick film is composed of two different chemical states as proposed in 
Figure 4-15.  



























Figure 4-15. XPS spectrum of Zr 3d peak (Zr atoms present in the form of an oxide in 




Contrary to the peak width changes in Zr, the same peak shape and width 
from even for top layers were obtained from Pb. Now, the scaling behavior of 
MOCVD-PZT films can be interpreted with XPS results. As discussed in previous 
chapter, polarization and piezoelectric properties are the function of composition of 
Zr to Ti while the stoichiometric composition for perovskite is governed by the 
composition of Pb. This leads to the observation of piezoresponse in 4 nm thick films 
but small deviation in scaling behavior with order parameters which was calibrated 
with 34 nm thick Pb(Zr0.2Ti0.8)O3 films. This observation of clear difference of peak 
widths in Zr was not found in PLD-PZT samples (it was insignificant even there 
exists wider peak width in ~4 nm). However, further experiments to identify the 
bonding states for these observations are needed. 
 
4.4 Disccussion
In summary of this chapter, ultra-thin PZT films have been prepared by liquid 
delivery MOCVD. The effect of reduced thickness on ferroelectricity in thin PZT 
films was studied by comparing the magnitude of the piezoresponse signal as 
measured by PFM with the quantitatively determined order parameters. It is found 
that the films as thin as 8–10 unit cell thick PZT films shows a measurable 
piezoelectric response. 
It was found that the instability of surface chemical bonding state in ultra thin 
films found in XPS results may affect the scaling behavior obtained from MOCVD-
PZT films. The formation of hydroxylated metal species is related to the activation 
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energy to form stable oxide phase and could be controlled by controlling the process 
parameters. However, chemical reaction control to suppress hydroxylated metal 
species is not clearly understood in this study. To carefully investigate chemistry and 
reaction mechanism in PZT thin film process, an in-situ diagnostic method such as 
FTIR or mass spectrometry can provide some more insights into the basic science of 




Chapter 5:  BiFeO3 thin film growth by MOCVD 
 
5.1 Background
There is currently significant interest in the field of ferroelectric thin film 
materials and devices, with a strong focus on the integration of thin films on Si- 
complementary metal-oxide semiconductor (CMOS) for non-volatile memory 
(FeRAM) applications. Two ferroelectric perovskites, namely the lead zirconate 
titanate (PZT) and strontium bismuth tantalite (SBT) family of materials have 
emerged as the most attractive candidates for the storage capacitor layer. Although 
considerable progress towards integration is being made, there are some key 
questions that are pertinent to these materials systems. The optimum processing 
temperatures are still quite high for the SBT system, although the recent progress in 
reducing the temperature is very encouraging112, 113; in the case of the PZT system, 
the inherent toxicity of lead is of great environmental concerns. 
Therefore, it is quite desirable to have a ferroelectric material system that has 
the large polarization properties and low temperature processability of the PZT 
system with the chemical “benign-ness” of the SBT system. 
In this regard, recently it has been reported that a significant ferroelectric 
polarization was observed in epitaxial thin films of the lead-free perovskite, bismuth 
ferrite (BFO) 114 , 115 , which was also observed by the studies of Yun and co-
workers 116 . A perovskite BFO has high Curie temperature (850 oC) 117 , 118  and 
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possesses a rhombohedrally distorted perovskite structure with space group 
633 vCcR − in the bulk119. It has been reported that bulk BFO showed a polarization 
of 3.5 µC/cm2 along (001) at 70 K, indicating a polarization of 6.1 µC/cm2 along 
(111)120. The unit cell parameters of rhombohedral and pseudocubic are a = 5.616 Å, 
and a = 3.96 Å, respectively.  
It was found that bismuth ferrite could typically exist three different stable 
phases, i.e., Bi25FeO40, BiFeO3, and Bi2Fe4O9, as shown in Bi2O3 - Fe2O3 phase 
diagram (Figure 5-1) 121 . Therefore, careful analyses on the composition and the 
crystal structure must be performed to identify the phase of samples. 
 




In the process of exploring the viability of using this materials system as an 
alternative ferroelectric system that embodies the positive attributes of both the PZT 
and SBT systems into a FRAM memory process flow, it is imperative that a viable, 
manufacturable process (such as a chemical vapor deposition) be available for the 
deposition of the ferroelectric layer. In this chapter, the precursor chemistry, the 
process window as well as the ferroelectric and piezoelectric properties of films 
deposited on single crystal (001) SrTiO3 (STO) and STO / Si covered with an SrRuO3
(SRO) electrode layer will be described. 
 
5.2 Growth conditions
An MOCVD equipped with liquid delivery system (LDS) was used with 
Tris(2,2,6,6-tetramethyl-3,5-heptanedionate)bismuth (III) [Bi(thd)3] and Tris(2,2,6,6-
tetramethyl-3,5-heptanedionate)iron (III) [Fe(thd)3] dissolved in tetrahydrofuran 
(THF) which are both based on β-diketonates as the liquid metalorganic precursor 
materials. Their intrinsic similarity in organometallic chemistry makes them 
reasonably compatible and the thermogravimetric (TG) curves of Bi(thd)3 and 
Fe(thd)3 are shown in Figure 5-2. As indicated in TG analysis, Bi(thd)3 shows the 
imperfect vaporization property leaving ~30 % residue even at 350 oC. The vaporizer 
was clogged after about 5 hours of operation due to this residue. 
An SRO layer was prepared by PLD at 650 oC as a bottom electrode and the 
























Vaporizer temperature 190 - 210 oC
Carrier gas flow rate 200 sccm 
O2 gas flow rate 500 sccm 
Substrate temperature 600 – 650 oC
Process pressure 2 Torr 
Liquid solution flow rate 0.2 ml/min. 
Table 5-1. Deposition parameters of BFO films prepared by liquid delivery MOCVD. 
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A showerhead that is designed to be heated with oil to avoid condensation of 
vaporized precursors and achieves high uniform film deposition over a 2 in. substrate 
was used.  
Consistent with previous work on CVD process of PZT thin films, it was 
found that the film composition and structure are quite sensitive to the substrate 
temperature, the precursor delivery ratio as well as the vaporizer temperature122. The 
variation of film composition with different precursor supply ratios is shown in 
Figure 5-3.  



























Bi or Pb solution mixing ratio (%)
(I)
Figure 5-3. Relation between Bi and Fe atomic percentage in BiFeO3 films as 
measured by Rutherford backscattering (RBS) and energy disperse spectrometry 
(EDS), for precursor mixing ratio prepared at growth temperature of 650 oC. Atomic 




The volumetric liquid source supply mixing ratio of Bi/(Bi+Fe) was changed 
from 0.50 to 0.85 and growth temperature was set at 650 oC. It should be noted that 
the mixing ratio represents the volumetric ratio of liquid sources at room temperature, 
and not the actual gas mixing ratio in the reactor. A stoichiometric composition was 
obtained from a Bi/(Bi+Fe) liquid source mixing ratio of 0.70. The high supply ratio 
of Bi precursor with respect to Fe precursor required to achieve stoichiometric 
composition in films can be understood as a consequence of the low vapor pressure of 
Bi(thd)3 as compared with Fe(thd)3. The vapor pressure of each precursor can be 
calculated from he empirical vapor pressure vs. temperature equations for Bi(thd)3
and Fe(thd)3 [Eqs. (5-1) and (5-2), respectively]; 
 
Bi(thd)3; logP = -5202.7/T + 12.4                                                                            (5-1) 
Fe(thd)3; logP = -4842/T + 12.5                                                                               (5-2) 
 
Where, pressure (P) in Pa and temperature (T) is in K. 
 
At temperature of 190 oC, the vapor pressure of Fe(thd)3 is about 2.5 times 
higher than that of Bi(thd)3. In addition, Bi(thd)3 is not completely vaporized and 
leaves ~30 % residue which is not volatile as deduced from thermogravimetric 
analysis (TGA). The incomplete vaporization of Bi(thd)3 may require the high supply 
ratio of the Bi precursor. Accordingly, the equivalent amount of vapor can be 
introduced into the reaction chamber with a Bi/(Bi+Fe) liquid mixing ratio of 0.70. 
The change of Pb atomic content ratio that is obtained from our previous PZT process 
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performed at the same growth temperature (650 oC) is also plotted in Figure 5-3122.
Here, it should be noted that the growth-window of BFO films appears to be much 
smaller than that of PZT as can be seen in Figure 5-3. The composition change in the 
Bi/(Bi+Fe) ratio shows an almost linear behavior with the liquid source mixing ratio, 
while there is a relatively wide plateau region for the PZT film growth process. This 
is generally explained by a “Pb self-regulating” mechanism at high temperature 




Crystal structures for different composition films were determined by a typical 
θ - 2θ x-ray diffraction scan. Only (00l) diffraction peaks from BFO, SRO and STO 
without any second phase were observed for films with the stoichiometric 
composition [Figure 5-4 (designated as (II))]. 
The out-of plane lattice parameter calculated from the (002) peak of a 150 nm 
thick BFO film is 4.03 Å. This value is larger than bulk lattice constant (3.96 Å) 
because of the in-plane compressive strain induced by the substrate (SRO/STO). 
However, additional secondary phase peaks such as (024) α-Fe2O3 (Rhombohedral, 
cR3 , a = 5.112 Å, c = 13.82 Å) or (002) and (220) β-Bi2O3 (tetragonal, cP 124 , a =
7.741 Å, c = 5.634 Å) were observed in Fe- and Bi-rich films (designated as (I) and 
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Figure 5-4. θ - 2θ X-ray diffraction scans for (I) Fe-rich phase, (II) stoichiometric 
composition and (III) Bi-rich phase. * : BiFeO3; • : SrRuO3; ○ : SrTiO3.
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The interface between SRO and BFO, observed in the cross-sectional high-
resolution transmission electron microscopy (HR-TEM) image as shown in Figure 5-
5, is atomically sharp and coherent.  
 
Figure 5-5. Cross-sectional HRTEM image of BFO/SRO interface. 
 
5.4 Surface morphology and Electrical properties
Subsequent to the optimization of the Bi:Fe ratio in the precursors, it was 
proceeded to grow epitaxial films on single crystalline (001) STO and (001) STO / Si. 
To facilitate heteroepitaxy and to introduce a conducting perovskite bottom electrode, 
a 70 nm thick, epitaxial SRO layer deposited by pulsed laser deposition (PLD) was 
used. For the electrical and electromechanical measurements, circular platinum (Pt) 
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pads with 32 µm diameter were deposited as top electrodes by a standard lift-off 
process. 
The surface morphologies of BFO films for different compositions measured 
by atomic force microscopy (AFM) are shown in Figures 5-6 (a), (b) and (c). Out-of-
plane piezoelectric response measurements using piezoelectric force microscopy 
(PFM) were performed to study the piezoelectric properties of these films, and the 
results are shown in Figures 5-6 (d), (e) and (f). 
The films were first poled at a negative dc-bias (-8 V) applied to a conducting 
probe while scanning over a 2×2 µm2 area. In the case of stoichiometric films [figure 
5-6 (e)], another poling was performed, with the probe biased at the opposite voltage 
(+8 V) during scanning over a 1×1 µm2 area inside the previously poled area. Details 
on the PFM technique can be found elsewhere125, 126.
A flat surface with 2 nm of peak-to-peak height was observed within the area 
of 3×3 µm2 on 250 nm thick film with stoichiometric composition as shown in Figure 
5-6 (b). A sharp piezoelectric response with complete reversible switching was also 
observed as shown in Figure 5-6 (e). In the case of Fe-rich films, a rough, granular 
surface was observed [Figure 5-6 (a)] and no piezoresponse was detected [Figure 5-6 
(d)]. On the other hand, Bi2O3 islands were formed on a BFO matrix in the case of Bi-
rich films as shown in Figures 5-6 (c) and (f).  
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(a) Fe-rich                                         (d) Fe-rich 
(b) stoichiometric BiFeO3 (e) stoichiometric BiFeO3
(c) Bi-rich                                       (f) Bi-rich 
Figure 5-6. Surface morphologies (a), (b), (c) and out-of-plane piezoelectric response 
measurements (d), (e), (f) using a piezoelectric force microscopy (PFM). The 
thickness of films is ~250 nm.  















An out-of-plane piezoelectric coefficient, d33, of 50 – 60 pm/V was measured 
at room temperature, as shown in Figure 5-7 (a). The polarization-electric field (P-E)
hysteresis loops measured at 16 kHz on the 250 nm thick BFO film are shown in 
Figure 5-7 (b). The sharp and square loops yield a 2Pr value of 110 - 120 µC/cm2.
This value is comparable to the theoretically predicted and experimentally obtained 
values from PLD-grown films114, 127.
In order to extract the real switched polarization properties, PUND 
measurements (∆P = P* (switched polarization) - P^ (non-switched polarization)) 
were also performed to confirm these values and the result is shown in Figure 5-7 (c). 
The obtained switched polarization (∆P) is 110 - 120 µC/cm2 which is consistent with 
the 2Pr value from the P-E hysteresis loop. 
The electric field dependence of polarization with the results obtained for 
BFO films grown by PLD and sputtering125 were compared. These three films 
prepared by different growth methods showed very similar behavior. In all the cases, 
switched polarization values of ~120 µC/cm2 were observed, which began to saturate 
at 400 – 450 kV/cm. Moreover, the polarization showed weak pulse width 
dependence in the range of 1 µsec - 1 msec, as shown in Figure 5-7 (d). This 
demonstrates that the measured polarization switching is an intrinsic property of BFO 
films, and is not dominated by leakage, which was a critical obstacle in determining 
the ferroelectric property of bulk BFO120.
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(c)                                                                (d) 
 
Figure 5-7 (a) Piezoelectric coefficients, d33, loop as a function of applied voltage 
from 250 nm thick BFO film. (b) P-E hysteresis loops as a function of applied voltage 
from 250 nm thick BFO film measured at frequency of 20 kHz. (c) Pulsed 
polarization (∆P) as a function of applied voltage at frequency of 20 kHz. (d) Pulse-
width dependence of switched polarization (∆P) in the range from 1µsec. to 1 msec. 
at 15 V. 
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BFO films were also prepared on (001) Si using a 20 nm thick STO layer as a 
template, and their properties were compared with those of films grown on STO 
substrates. 
Figure 5-8 shows P-E loops of BFO films grown on such substrates. 
Polarization values (∆P) of 85 – 90 µC/cm2 and coercive fields of ~ 225 kV/cm were 
measured for BFO films grown on Si substrate. These values are smaller than those 
obtained for BFO films grown on STO, due to the in-plane tensile stress induced by 
large thermal mismatch with silicon115. Out-of-plane lattice constants of 4 Å and 3.96 
Å were observed for BFO films (200 nm) grown on STO and Si substrates, 
respectively. 



















Figure 5-8. P-E hysteresis loops obtained from BFO films on SRO / STO and SRO / 
STO / Si substrates. XRD patterns around (002) BFO peaks are shown in inset. 

















It has been demonstrated that a viable chemical vapor deposition process 
enables the growth of high quality BiFeO3 thin films in this chapter. The 
implementation of such a process into the potential FeRAM technology requires the 
solution for some key issues. 
First, the leakage current must be lowered by at least an order of magnitude. 
This requires a careful study of the defect chemistry of the films as a function of Bi-
Fe ratio as well as other process parameters such as the substrate temperature and 
oxygen ambient during cooling. 
Second, the coercive field must be reduced to ~ 50 kV/cm (e.g., 1 V for a 200 
nm thick film). Ferroelectric properties of BFO and PZT films are shown in Figure 5-
9. These figures clearly show the direction of the future study. Even though BFO film 
shows the comparable polarization value, it has about 2-3 times higher coercive field 
than that of PZT (20 / 80) film. 
Lowering the coercive field of BFO film is a key question needs to be solved 
for the realization of device applications. Careful studies of the switching 
mechanisms in these films (180o versus 71/109o switching, and the interplay between 
ferroelectric and ferroelastic switching125, 128) are needed. 
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Figure 5-9. Comparison of (a) P-E hysteresis loops and (b) coercive fields 
dependence obtained from BFO and PZT films on SRO / STO. 
113 
 
Third, the growth temperature must be reduced. Preliminary studies indicate 
that this should be possible, in agreement with the reports of Yun et al.116. From the 
CVD chemistry point of view, it is critical to explore the processing space to identify 
the possibility of a “self-regulating” reaction zone. In this regard, preliminary results 
show that a post-deposition oxygen flush of the film surface appear to hold promise in 




Chapter 6:  Summary and future work 
 
In this dissertation, a systematic study of the process controls as well as the 
ferroelectric and piezoelectric properties of two ferroelectric material systems, lead 
zirconate titanate (PZT) and bismuth ferrite (BFO), prepared by MOCVD has been 
carried out. In order to feasibly control the precursor partial pressure and flow rate a 
liquid delivery system (LDS) was equipped to MOCVD chamber. Precursors based 
on β-diketonate were used for thin film growth and the characteristics of deposited 
films showed crucial dependence on deposition temperature, deposition environment, 
and kinetic factors such as the precursor partial pressure and flow rate.  
In PZT system, the changes of spontaneous polarization (Ps) and piezoelectric 
coefficient (d33) with Ti/(Zr+Ti) ratio are presented and compared with theoretical 
values. Ferroelectric and piezoelectric properties at the composition close to 
morphotropic phase boundary (MPB) region (Pb(Zr0.5Ti0.5)O3) have been investigated 
for application in nonvolatile ferroelectric random access memories (FeRAM) and 
microelectromechanical system (MEMS). These capacitors show desirable 
ferroelectric properties such as high polarization and small coercive field, which 
proves that this approach is very promising for both fundamental study and potential 
applications.  
The scaling of ferroelectric properties with film thickness in Pb(Zr0.2Ti0.8)O3
films grown on SrRuO3/SrTiO3(001) was studied. The PZT films are single 
crystalline, c-oriented, and showed bulk-like properties for thickness above ~20nm. 
Piezoelectric force microscopy (PFM) was employed to investigate the ferroelectric 
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properties of films thinner than 20 nm. Piezoelectric response was observed down to a 
film thickness of 8 – 10 unit cells. A quantitative analysis of the size effect in 
Pb(Zr0.2Ti0.8)O3 films was performed using the piezoelectric response. From the high 
resolution XPS analysis, it was found that a hydroxylated metal species were formed 
on a top few layers. This imperfect chemical state induced by unstable chemical 
reaction in MOCVD process can be the main factor for the deviation in determining 
the ferroelectric scaling in ultra thin films (thinner than 10 unit-cells).  
 
Epitaxial BiFeO3 thin films were grown by MOCVD using Bi(thd)3 and 
Fe(thd)3 as precursors. This research was the first challenge to prepare this material 
system by MOCVD process. A systematic study on deposition process control such 
as stoichiometric composition, structure change and growth temperature was carried 
out. The film composition and phase equilibrium are sensitive to the Bi:Fe ratio in the 
precursor. In the optimized growth condition which is very small growth window, 
high quality epitaxial single perovskite phase thin films were obtained. Electrical 
measurements using both quasi-static hysteresis and pulsed polarization 
measurements confirm the existence of ferroelectricity with a switched polarization of 
110-120 µC/cm2, ∆P (= P* - P^). Out-of plane piezoelectric (d33) measurements using 
an atomic force microscope yield a value of 50 – 55 pm/V. These values are 





Further research will be performed on both material systems (PZT and BFO) 
which has not been completely understood in this study. 
1) A careful quantitative analysis of the effect of hydroxylated metal species 
on the thickness effect on the ferroelectric properties can extract the real thickness 
effect of PZT films prepared by MOCVD. This study needs precise computing 
simulation of XPS results and careful analysis on the structure in ultra thin films. 
2) A perovskite BiFeO3 system could be a promising alternative ferroelectric 
material for the current most popular PZT system due to its large ferroelectric 
polarization and environmentally favorable nature. This makes it an interesting 
replacement candidate for Pb-based ferro/piezoelectrics. However, BiFeO3 has about 
3 times higher coercive field than that of PZT film and lowering the coercive field of 
BiFeO3 film is a key question needs to be solved for the realization of device 
applications as discussed in Chapter 5. One of the possible approaches is by doping 
BiFeO3 with other elements, e.g. lanthanum.129,130,131 This design is inspired from 
lowering the Curie temperature or tailoring the domain switching mechanism by 
doping with lanthanum. 132  The spontaneous polarization and coercive field are 
expected to be lowered by reducing the distortion of the structure. 
3) As indicated in Chapter 5, the growth window for BiFeO3 film is very 
small in MOCVD process and secondary phase is prone to form which is also 
applicable in pulsed laser deposition.133 A relatively wide “self-regulating” growth 
window with stoichiometric composition is very attractive aspect in the growth 
process. This can lead to the availability of large-scale wafer process and greater 
process flexibility. In order to verify the existence of “self-regulating” growth 
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mechanism in BiFeO3 system, the following directions can be considered for further 
research.  
i) The effect of growth temperature. 
ii) The effect of oxygen partial pressure. 
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